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Abstract

Gross, Kenneth C., Chien Yi Wang, and Mikal
Saltveit, eds. 2016. The Commercial Storage of
Fruits, Vegetables, and Florist and Nursery Stocks.
Agriculture Handbook 66, U.S. Department

of Agriculture, Agricultural Research Service,
Washington, DC.

Agriculture Handbook 66 (AH-66) represents
a complete revision and major expansion of
the 1986 edition. It has been reorganized and
now includes 17 Chapters and 138 Commaodity
Summaries written by nearly a hundred experts
in plant science and postharvest technology.
This version, like the previous editions of AH-
66 in 1954, 1968, 1977, and 1986, presents
summaries of current storage requirements

of fresh fruits, vegetables, cut flowers, and
other horticultural crops. However, this highly
expanded version also includes information on
quality characteristics, maturity indices, grading,
packaging, precooling, retail display, chilling
sensitivity, ethylene production and sensitivity,
respiration rates, physiological disorders,
postharvest pathology, quarantine issues, and
suitability as fresh-cut product. A large number
of fruits and vegetables were added, as well

as sections on food safety, nutritional quality,
texture, and fresh-cut produce. The purpose of
storing plant material is to lengthen the time it
can be consumed or utilized. In doing so, it is
critical to provide an environment that minimizes
deterioration, maintains microbial safety, and
retains other quality attributes. AH-66 provides
guidelines and other important information for
storing and handling horticultural commodities
to accomplish this.

Keywords: carbon dioxide, chilling injury,

cold storage, controlled atmosphere storage,

cut flowers, ethylene, flavor, food safety,
fresh-cut, fresh produce, fruit softening, heat
load, 1-methylcyclopropene, microbial safety,
minimally processed, modified-atmosphere
packaging, potted plants, nutritional quality, nuts,
orchids, packaging film, perishable, postharvest
biology, precooling, respiration, sensory
evaluation, shelf-life, texture.
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The information contained in AH-66 has been
assembled from material prepared by nearly a
hundred authors from around the world. All of the
information contained herein was peer reviewed
and edited for scientific content. Every effort was
made to provide the most accurate and current
information available.

The contributors’ professional affiliations

and addresses were up-to-date at the time of
submission of their chapters, and the editors
made all reasonable efforts to update any changes
received during the review and publishing process.
However, due to the large number of contributors
and countries represented, it is not inconceivable
that some of the contributors may have changed
organizations in the interim and thus are no
longer at the addresses given in this handbook. In
cases where the editors received specific address
changes or death notices, all such updates are
reflected in this volume.

Mention of trade names or commercial products
in this report is solely for the purpose of pro-
viding specific information and does not imply
recommendation or endorsement by the U.S.
Department of Agriculture.

This publication reports experimental results
and other information involving pesticides. It
does not contain recommendations for their use
nor does it imply that uses discussed here have
been registered. All uses of pesticides must be
registered by appropriate State and/or Federal
agencies before they can be recommended.

While supplies last, printed copies of this
publication may be obtained at no cost from the
USDA-ARS Food Quality Laboratory, Building
002, Room 117, 10300 Baltimore Avenue,
Beltsville, MD 20705-2350.

Copies of this publication may be purchased

in various formats (microfiche, photocopy,

CD, and print on demand) from the National
Technical Information Service, 5285 Port Royal
Road, Springfield, VA 22161, (800) 553-6847,
http//:www.ntis.gov.



This publication in its entirety is freely accessible
on the Internet at http://www.ars.usda.gov/is/np/
indexpubs.
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The Agricultural Research Service conducts
research to develop and transfer solutions to
agricultural problems of high national priority
and provides information access and dissemi-
nation to—ensure high-quality, safe food and other
agricultural products; assess the nutritional needs
of Americans; sustain a competitive agricultural
economy; enhance the natural resource base

and the environment; and provide economic
opportunities for rural citizens, communities, and
society as a whole.
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prohibits discrimination in all its programs and
activities on the basis of race, color, national
origin, age, disability, and where applicable, sex,
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religion, sexual orientation, genetic information,
political beliefs, reprisal, or because all or part
of an individual’s income is derived from any
public assistance program. (Not all prohibited
bases apply to all programs.) Persons with
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communication of program information (Braille,
large print, audiotape, etc.) should contact USDA’s
TARGET Center at (202) 720-2600 (voice and
TDD). To file a complaint of discrimination,
write to USDA, Director, Office of Civil Rights,
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D.C. 20250-9410, or call (800) 795-3272 (voice)
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Introduction

This latest edition of Agriculture Handbook

66 (AH-66) represents a complete revision of

the 1986 edition. It has been reorganized and

now includes 17 chapters and 138 commodity
summaries written by nearly a hundred experts

in plant biology and postharvest technology. This
version—Iike the previous editions of AH-66 in
1954, 1968, 1977, and 1986—presents summaries
of current storage requirements of fresh fruits,
vegetables, cut flowers, and other horticultural
crops. However, this highly improved and
expanded version also includes information on
quality characteristics, maturity indices, grading,
packaging, precooling, retail display, chilling
sensitivity, ethylene production and sensitivity,
respiration rates, physiological disorders,
postharvest pathology, quarantine issues, and
suitability as fresh-cut product. In addition, a large
number of fruits and vegetables were added, as
well as sections on food safety, nutritional quality,
texture, and fresh-cut produce.

The purpose of storing plant material is to
lengthen the time it can be stored and marketed
prior to consumption or other use. In doing so, it is
critical to provide an environment that minimizes
deterioration and maintains microbial safety and
quality. The primary intent of AH-66 is to provide
guidelines for optimal handling and storage of
produce in order to accomplish this.

AH-66 is intended as a general reference, and
the recommendations should not be considered
absolute, but rather as safe limits at which
products can ordinarily be handled and stored. A
draft version of the data presented in this volume
is available at http://www.ba.ars.usda.gov/hb66.
Updates to the online data will be made as they
become available, and users are encouraged to
periodically check for any new information.

Each contribution in this volume was peer
reviewed by at least one individual knowledgeable
in that particular area or commodity, as well as
two editors. This review process helped to ensure
that the information in this edition of AH-66 is

as accurate and current as possible. The editors

would like to express their sincere appreciation
to all of the contributors and to the reviewers,
who are listed in the Acknowledgments.

The original edition of AH-66, published in
1954, was written by R.C. Wright, D.H. Rose,
and T.M. Whiteman, all from USDA Agricultural
Research Service (ARS). Then, in 1968, the
handbook was revised by J.M. Lutz and R.E.
Hardenburg, also from USDA-ARS. A major
revision by R.E. Hardenburg, A.E. Watada, and
C.Y. Wang, at USDA-ARS Horticultural Crops
Quality Laboratory (now Food Quality Lab-
oratory) in Beltsville, MD, was published in
1986. In 1990, 10,000 copies of the 1986 edition
were reprinted, of which few remain today. The
volume has also been translated into several
languages. It was clearly time for an extensive
revision, both to bring the content up to date and
to increase its availability.

Most temperatures are given in both °C and °F.
Nevertheless, a “Temperature Conversion Chart”
is included in this volume. Though temperatures
are sometimes expressed to the first decimal place
due to conversion, this does not mean that this
level of accuracy is recommended, necessary, or
possible in a commercial situation. Generally,
storage temperatures can only be expected

to be maintained within +1 °C. Also, see the
“Metric Conversion Chart” for some common
metric conversions. Respiration and ethylene
production rates for many fruits and vegetables
are also summarized in the sections “Respiration”
and “Ethylene Effects.” A*Commaodity Cross-
Reference” index has been included to aid in
finding the commodity summary for produce
called by various names in different cultures

and geographical locations.

“In this work, when it shall be found that much is
omitted,let it not be forgotten that much likewise is
performed.”

Dr. Samuel Johnson,

English lexicographer and essayist, 1775



Temperature Conversion Chart

°C = 5/9 (°F - 32)
°F = (9/5 x °C) + 32

°C °F °C °F

-2 28.4 23 73.4
-1 30.2 24 75.2
0 32.0 25 77.0
1 33.8 26 78.8
2 35.6 27 80.6
3 37.4 28 82.4
4 39.2 29 84.2
5 41.0 30 86.0
6 42.8 31 87.8
7 44.6 32 89.6
8 46.4 33 914
9 48.2 34 93.2
10 50.0 35 95.0
11 51.8 36 96.8
12 53.6 37 98.6
13 554 38 100.4
14 57.2 39 102.2
15 59.0 40 104.4
16 60.8 45 113.0
17 62.6 50 122.0
18 64.4 55 131.0
19 66.2 60 140.0
20 68.0 65 149.0
21 69.8 70 158.0
22 71.6 75 167.0



Metric Conversion Chart

Mass

1.0 avoirdupois pound (Ib) = 0.454 kilogram (kg) = 454 grams (Q)

1.0 kilogram (kg) = 2.2 pounds (Ib) = 35.2 avoirdupois ounces (0z) = 32.15 troy ounces

1.0 avoirdupois ounce (0z) = 0.9115 troy ounce = 0.0284 kilogram (kg) = 28.4 grams (Q)

1 short ton (T) = 2,000 pounds (Ib) = 907.2 kilograms (kg) = 0.893 long ton = 0.907 metric tonne

Length

1inch (in) = 2.54 centimeters (cm)

1 centimeter (cm) = 0.394 inch (in)

1 foot (ft) = 30.48 centimeters (cm)

1 yard (yd) = 91.44 centimeters (cm) or 0.9144 meter (m)
1 meter (m) = 3.28 feet (ft) = 1.0936 yards (yd)

1 mile (mi) = 1.61 kilometers (km)

1 kilometer (km) = 0.621 mile (mi)

\olume

1 quart (qt) = 0.946 liter (L)

1 liter (L) = 1.057 quarts (qt)

1 cup (c) = 0.24 liter (L)

1 pint (pt) = 0.47 liter (L)

1 quart (qt) = 0.95 liter (L)

1 U.S. bushel (bu) = 35.24 liters (L)
1 liter (L) = 0.2838 bushel (bu)

1 U.S. gallon (gal) = 3.785 liters (L)
1 liter (L) = 0.2642 gallon (gal)

1 cubic foot (ft®) = 28.32 liters (L)

1 cubic yard (yd®) = 0.76 cubic meter (m?®)
1 liter (L) = 61.02 cubic inches (in3)

Area

1 acre = 0.4047 hectare

1 hectare = 2.47 acres

1 square meter (m?) = 1550 square inches (in?) = 1.196 square yards (yd?) = 10.76 square feet (ft?)
1 square inch (in?) = 6.45 square centimeters (cm?)

1 square foot (ft?) = 0.0929 square meter (m?)

Energy/Work
1 joule (J) = 0.00094 British thermal units (BTU) = 1 watt per second (W s?)
1 British thermal unit (BTU) = 1,055 joules (J) = 0.252 kilocalorie (kcal)



Commodity Cross-Reference

To find...
Abogado
Alligator pear
Alfalfa sprouts
Anon

Apple cactus
Apple pear (misleading)
Aracé boi
Avocat

Basil

Bean sprouts
Beets

Belgian endive
Bell pepper
Bhendi

Bhindi
Boy-toyo
Cactus fruit
Cactus pad
Cactus pear
Caimito
Calabaza
Calabrese
Canary melon
Cantelope
Casaba melon
Cassave

Cay mang cut
Chervil

Chico mamey
Chico zapote
Chiku

Chile pepper
Chinese apple
Chinese chard
Chinese chive
Chinese date plum
Chinese long bean
Chinese okra
Chinese pear
Chive

Ciku
Claytonia
Cocoyam
Collards
Coriander
Corn salad

4

See...

Avocado
Avocado

Sprouts
Sapodilla

Dragon fruit
Asian pear
Arazi

Avocado

Annual culinary herbs
Sprouts

Beet

Chicory

Pepper

Okra

Okra

Bok choy

Prickly pear
Nopalitos

Prickly pear
Sapodilla
Pumpkin
Broccoli
Honeydew melon
Netted melon
Honeydew melon
Cassava
Mangosteen
Annual culinary herbs
Sapodilla
Sapodilla
Sapodilla

Pepper
Pomegranate
Bok choy
Perennial culinary herbs
Persimmon

Bean

Luffa

Asian pear

Perennial culinary herbs
Sapodilla

Salad greens

Taro

Greens for cooking
Annual culinary herbs
Salad greens

To find...
Crenshaw melon
Custard apple
Daikon
Dandelion
Dasheen

Date Plum

Dill

Dilly

Duku

Dulian

Duren

Duyin

Eddoe
Elderberry
Escarole

Field salad
Filbert

Fire dragon fruit
Flat bean
French bean
French sorrel
Garden sorrel
Gooseberry
Globe artichoke
Collard greens
Gombo

Green bean
Green cabbage
Green onion
Grosse sapote
Groundnut
Gumbo
Hamburg parsley
Husk tomato
Japanese pear
Java plum

Kadu

Kale

Kang kong
Kong xin cai

La pitahaya rouge
Lady’s finger
Lamb’s lettuce
Langsat

Lanson

Lychee

Long bean
Lucuma

See...

Honeydew melon
Avocado

Radish

Salad greens

Taro

Persimmon
Annual culinary herbs
Sapodilla
Longkong

Durian

Durian

Durian

Taro

Currant

Endive and Escarole
Salad greens
Hazelnut

Dragon fruit

Bean

Bean

Salad greens
Salad greens
Currant

Artichoke

Greens for Cooking
Okra

Bean

Cabbage

Onion

Sapodilla

Peanut

Okra

Parsley

Tomatillo

Asian pear

Wax apple

Durian

Greens for cooking
Water convolvulus
Water convolvulus
Dragon fruit

Okra

Salad greens
Longkong
Longkong
Litchi

Bean
Sapodilla



To find...
Malanga

Malay apple
Mamey
Mandioca
Manggistan
Mangis
Mangkhut
Mangostan
Mangostanier
Mangostao
Manggustan
Manioc
Marjoram
Marmalade fruit
Matai

Melon, Honeydew melon
Melon, Netted
Mesetor
Miner’s lettuce
Mongkhut
Mung bean sprouts
Muskmelon
Mustard cabbage
Mustard greens
Nachi

Nasberry
Néspero
Noplaes
Oregano
Oriental pear
Oxheart cabbage
Oyster plant
Pak-choy

Pake boong
Pak-tsoi

Palta

Paprika
Peppermint
Pichi

Pitahaya

Pitaya roja

Pod bean

Quaio
Quingumbo
Rape

Red beet

Rian

Rocket salad

See...

Taro

Wax apple
Sapodilla

Cassava
Mangosteen
Mangosteen
Mangosteen
Mangosteen
Mangosteen
Mangosteen
Mangosteen
Cassava

Perennial culinary herbs
Sapodilla
Waterchestnut
Honeydew melon
Netted melon
Mangosteen

Salad greens
Mangosteen
Sprouts

Netted melon

Bok choy

Greens for cooking
Asian pear
Sapodilla
Sapodilla
Nopalitos
Perennial culinary herbs
Asian pear
Cabbage

Salsify

Bok choy

Water convolvulvus
Bok choy
Avocado

Pepper

Perennial culinary herbs
Araza

Dragon fruit
Dragon fruit

Bean

Okra

Okra

Greens for cooking
Beet

Durian

Salad greens

To find...
Roquette

Rose apple
Rose water apple
Rosemary
Round sorrel
Rucola

Rugula

Runner bean
Rupina caspi
Sage

Salad chervil
Salad pear
Sand apple
Sapota

Sapote
Saurieng
Savory

Savoy cabbage
Sementah
Semetah

Sha Li pear
Shalea pear
Shallot

Snap bean
Sororia

Sorrel
Spearmint
Spinach
Sponge gourd
Spring onion
Sprouting broccoli
Star apple

Star fruit
Stinkvrucht
Stinky rose
Strawberry pear
String bean
Sugar pea
Summer savory
Summer squash
Sunchokes
Swedes
Swedish turnips
Sweetsop
Sweet cherry
Sweet pepper
Table beet
Taisali

See...

Salad greens

Wax apple

Wax apple

Perennial culinary herbs
Salad greens

Salad greens

Salad greens

Bean

Araza

Perennial culinary herbs
Annual culinary herbs
Asian pear

Asian pear

Sapodilla

Sapodilla

Durian

Annual culinary herbs
Cabbage

Mangosteen
Mangosteen

Asian pear

Asian pear

Onion

Bean

Araza

Salad greens
Perennial culinary herbs
Greens for cooking
Luffa

Onion

Broccoli

Sapodilla

Carambola

Durian

Garlic

Dragon fruit

Bean

Pea

Annual culinary herbs
Squash

Jerusalem artichoke
Rutabaga

Rutabaga

Sapodilla

Cherry, sweet

Pepper

Beet

Bok choy



To find...
Tamarindo
Tangerine
Tannier

Tarragon

Thang loy
Thureen

Thurian

Thyme

Tree tomato
Turnip-rooted cabbage
Turnip greens
\egetable oyster
Water cabbage
White celery mustard
White sapote
Whitloof

Winter purslane
Winter spinach
Yard-long bean
Yellow pitaya
Yellow wax bean
Yuca

Zapote

Zucchini

See...

Tamarind

Mandarin and Tangerine
Taro

Perennial culinary herbs
Dragon fruit

Durian

Durian

Perennial culinary herbs
Tamarillo

Kohlrabi or Rutabaga
Greens for cooking
Salsify

Water convolvulvus
Bok choy

Sapodilla

Chicory

Salad greens

Water convolvulvus
Bean

Dragon fruit

Bean

Cassava

Sapodilla

Squash



Respiration and Ethylene Production Rates

The values in table 1 are approximations or the average rates of a range; see individual sections on each
commodity for more specific information and references. Values in parentheses after ethylene rates are the
temperatures at which ethylene production was measured. For respiration data, to get mL kg™ h, divide
the mg kg h't rate by 2.0 at 0 °C (32 °F), 1.9 at 10 °C (50 °F), and 1.8 at 20 °C (68 °F). To calculate heat
production, multiply mg kg* h by 220 to get BTU ton* day™ or by 61 to get kcal tonne day.

Table 1. Rates of respiration and ethylene production

Respiration
Commodity C,H, Production
0°C 5°C 10°C 15°C 20°C 25°C
mg kgt ht uL kgt ht

Apple

Fall 3 6 9 15 20 nd! varies greatly

Summer 5 8 17 25 31 nd varies greatly
Apricot 6 nd 16 nd 40 nd <0.1 (0°C)
Araza (ripe) nd nd 601 nd 1283 nd nd
Artichoke 30 43 71 110 193 nd <0.1
Asian Pear 5 nd nd nd 25 nd varies greatly
Asparagus? 60 105 215 235 270 nd 2.6 (20 °C)
Atemoya nd nd 119 168 250 nd 200 (20 °C)
Avocado nd 35 105 nd 190 nd >100 (ripe; 20 °C)
Banana (ripe) nd nd 80 1403 280 nd 5.0 (15 °C)
Basil 36 nd 71 nd 167 nd very low’
Beans

Snap 20 34 58 92 130 nd <0.05 (5 °C)

Long 40 46 92 202 220 nd <0.05 (5 °C)
Beets 5 11 18 31 60 nd <0.1(0°C)
Blackberry 19 36 62 75 115 nd varies; 0.1t0 2.0
Blueberry 6 11 29 48 70 101 varies; 0.5 to 10.0
Bok Choy 6 11 20 39 56 nd <0.2
Breadfruit nd nd nd 329 nd 480 1.2
Broccoli 21 34 81 170 300 nd <0.1 (20 °C)
Brussels sprouts 40 70 147 200 276 nd <0.25 (7.5 °C)
Cabbage 5 11 18 28 42 62 <1.1(20°C)
Carambola nd 15 22 27 65 nd <3.0 (20 °C)
Carrot (topped) 15 20 31 40 25 nd <0.1 (20 °C)
Cassava nd nd nd nd nd 40 1.7 (25 °C)
Cauliflower 17 21 34 46 79 92 <1.0 (20 °C)
Celeriac 7 13 23 35 45 nd <0.1 (20 °C)
Celery 15 20 31 40 71 nd <0.1 (20 °C)
Cherimoya nd nd 119 182 300 nd 200 (20 °C)
Cherry, Sweet 8 22 28 46 65 nd <0.1 (0 °C)
Chervil 12 nd 80 nd 170 nd very low



Table 1. Rates of respiration and ethylene production—Continued

Respiration
Commodity C,H, Production
0°C 5°C 10°C 15°C 20°C 25°C
mg kgt ht uL kgt ht

Chicory 3 6 13 21 37 nd <0.1 (0 °C)
Chinese Cabbage 10 12 18 26 39 nd <0.1 (20 °C)
Chinese Chive 54 nd 99 nd 432 nd very low
Chive 22 nd 110 nd 540 nd very low
Coconut nd nd nd nd nd 50 very low
Coriander 22 30 nd nd nd nd very low
Cranberry 4 5 8 nd 16 nd 0.6 (5°C)
Cucumber nd nd 26 29 31 37 0.6 (20 °C)
Currant, Black 16 28 42 96 142 nd nd
Dill 22 nd 103 324 nd nd <0.1 (20 °C)
Dragon Fruit nd nd nd nd 105 nd <0.1
Durian nd nd nd nd 265* nd 40 (ripe)
Eggplant

American nd nd nd 69° nd nd 0.4 (12.5°C)

Japanese nd nd nd 131° nd nd 0.4 (12.5°C)

White egg nd nd nd 113° nd nd 0.4 (12.5°C)
Endive/Escarole 45 52 73 100 133 200 very low
Fennel 19¢ nd nd nd 32 nd 4.3 (20 °C)
Fig 6 13 21 nd 50 nd 0.6 (0°C)
Garlic

Bulbs 8 16 24 22 20 nd very low

Fresh peeled 24 35 85 nd nd nd very low
Ginger nd nd nd nd 6° nd very low
Ginseng 6 nd 15 33 nd 95 very low
Gooseberry 7 12 23 52 81 nd nd
Grape, American 3 5 8 16 33 39 <0.1 (20 °C)
Grape, Muscadine  10° 13 nd nd 51 nd <0.1 (20 °C)
Grape, Table 3 7 13 nd 27 nd <0.1 (20 °C)
Grapefruit nd nd nd <10 nd nd <0.1 (20 °C)
Guava nd nd 34 nd 74 nd 10 (20 °C)
Honeydew Melon  nd 8 14 24 30 33 very low
Horseradish 8 14 25 32 40 nd <1.0
Jerusalem Artichoke 10 12 19 50 nd nd nd
Jicama 6 11 14 nd 6 nd very low
Kiwifruit (ripe) 3 6 12 nd 19 nd 75
Kohlrabi 10 16 31 46 nd nd <0.1 (20 °C)
Leek 15 25 60 96 110 115 <0.1
Lemon nd nd 11 19 24 nd <0.1 (20 °C)
Lettuce

Head 12 17 31 39 56 82 very low

Leaf 23 30 39 63 101 147 very low



Table 1. Rates of respiration and ethylene production—Continued

Respiration
Commodity C,H, Production
0°C 5°C 10°C 15°C 20°C 25°C
mg kgt ht pL kgt ht

Lime nd nd ,10 nd nd nd <0.1 (20 °C)
Litchi nd 13 24 nd 60 102 very low
Longan nd 7 21 nd 42 nd very low
Longkong nd nd 458 nd nd nd 4.0
Loquat 11° 12 31 nd 80 nd very low
Luffa 14 27 36 63 79 nd <0.1 (20 °C)
Mamey Apple nd nd nd nd nd 35 400.0 (27 °C)
Mandarin (Tangerine) nd 6 8 16 25 nd <0.1 (20 °C)
Mango nd 16 35 58 113 nd 1.5 (20 °C)
Mangosteen nd nd nd nd nd 21 0.03
Marjoram 28 nd 68 nd nd nd very low
Mint 20 nd 76 nd 252 nd very low
Mushroom 35 70 97 nd 264 nd <0.1 (20 °C)
Nectarine (ripe) 5 nd 20 nd 87 nd 5.0 (0°C)
Netted Melon 6 10 15 37 55 67 55.0
Nopalitos nd 18 40 56 74 nd very low
Okra 21° 40 91 146 261 345 0.5
Olive nd 15 28 nd 60 nd <0.5 (20 °C)
Onion 3 5 7 7 8 nd <0.1 (20 °C)
Orange 4 6 8 18 28 nd <0.1 (20 °C)
Oregano 22 nd 101 nd 176 nd very low
Papaya (ripe) nd 5 nd 19 80 nd 8.0
Parsley 30 60 114 150 199 274 very low
Parsnip 12 13 22 37 nd nd <0.1 (20 °C)
Passion Fruit nd 44 59 141 262 nd 280.0 (20 °C)
Pea

Garden 38 64 86 175 271 313 <0.1 (20 °C)

Edible Pod 39 64 89 176 273 nd <0.1 (20 °C)
Peach (ripe) 5 nd 20 nd 87 nd 5.0 (0°C)
Pepper nd 7 12 27 34 nd <0.2 (20 °C)
Persimmon 6 nd nd nd 22 nd <0.5 (20 °C)
Pineapple nd 2 6 13 24 nd <1.0 (20 °C)
Plum (ripe) 3 nd 10 nd 20 nd <5.0 (0 °C)
Pomegranate nd 6 12 nd 24 nd <0.1 (10 °C)
Potato (cured) nd 12 16 17 22 nd <0.1 (20 °C)
Prickly Pear nd nd nd nd 32 nd 0.2 (20 °C)
Radicchio 8 13w© 234 nd nd 45 0.3 (6 °C)
Radish

Topped 16 20 34 74 130 172 very low

Bunched with tops 6 10 16 32 51 75 very low
Rambutan (mature) nd nd nd nd nd 70 very low



Table 1. Rates of respiration and ethylene production—Continued

Respiration
Commodity C,H, Production
0°C 5°C 10°C 15°C 20°C 25°C
mg kgt ht uL kgt ht

Raspberry 176 23 35 42 125 nd <12.0 (20 °C)
Rhubarb 11 15 25 40 49 nd nd
Rutabaga 5 10 14 26 37 nd <0.1 (20 °C)
Sage 36 nd 103 nd 157 nd very low
Salad Greens

Rocket Salad 42 113 nd nd nd nd very low

Lamb’s Lettuce 12 67* 81 nd 139 nd very low
Salsify 25 43 49 nd 193 nd very low
Sapodilla nd nd nd nd nd 16 3.7 (20 °C)
Sapote nd nd nd nd nd nd >100 (20 °C)
Southern Pea

Whole Pods 245 25 nd nd 148 nd nd

Shelled Peas 295 nd nd nd 126 nd nd
Spinach 21 45 110 179 230 nd very low
Sprouts (mung bean) 23 42 96 nd nd nd <0.1 (10 °C)
Squash, Summer 25 32 67 153 164 nd <1.0 (20 °C)
Squash, Winter nd nd 99° nd nd nd very low
Star Apple nd nd nd nd 38 nd 0.1 (20 °C)
Strawberry 16 nd 75 nd 150 nd <0.1 (20 °C)
Sweet Corn 41 63 105 159 261 359 very low
Swiss Chard 19¢ nd nd nd 29 nd 0.14 (20 °C)
Tamarillo nd nd nd nd 27 nd <0.1
Tarragon 40 nd 99 nd 234 nd very low
Thyme 38 nd 82 nd 203 nd very low
Tomatillo

(mature green)  nd 13 16 nd 32 nd 10.0 (20 °C)
Tomato nd nd 15 22 35 43 10.0 (20 °C)
Truffles 28 35 45 nd nd nd very low
Turnip 8 10 16 23 25 nd very low
Waterchestnut 10 25 42 79 114 nd nd
Water Convolvulus  nd nd nd nd nd 100 <2.0
Watercress 22 50 110 175 322 377 <1.0 (20 °C)
Watermelon nd 4 8 nd 21 nd <1.0 (20 °C)
Wax Apple nd nd 5 nd 10 nd very little

! nd = Not determined.
21 day after harvest.

*At 13 °C.
*At 22 °C.
>At125 °C.
®At2°C.
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" Although not accurately measured, “very
low” is considered to be <0.05 puL kg* h.

8At9°C.

°At1°C.

WAtL6 °C.

LAL7.5-°C.



Precooling and Storage Facilities

James F. Thompson

Thompson is with the Department of Biological &
Agricultural Engineering, University of California,
Davis, CA. He is now retired.

In-Field Temperature Management

Temperature management of perishable
commaodities begins with proper handling at
harvest. Generally, produce should be harvested
in the morning so that it will be at the coolest
possible temperature during the delay between
harvest and initial cooling. Exceptions to this
recommendation are produce, such as some

citrus fruit, that are damaged if they are handled
when they are turgid in the morning (Eckert and
Eaks 1989), or situations in which the produce is
harvested in the late afternoon so that it can be
transported to a local market during the cool night
hours. Produce should be shaded to protect it from
solar heat gain. Reduce the time between picking
and initial cooling; this is particularly critical
because fruits and vegetables transpire and respire
at high rates at field temperatures (Maxie et al.
1959, Harvey and Harris 1986, d’Sousa and Ingle
1989, Robbins and Moore 1992).

Initial Cooling Methods

Produce is usually cooled to its long-term storage
temperature in special facilities designed to
rapidly remove produce heat.

Forced-air cooling is the most widely adaptable
method and is commonly used for many fruits,
fruit-type vegetables, and cut flowers (Parsons et
al. 1970, 1972, Rij et al. 1979, Baird et al. 1988,
Thompson et al. 1998).

Hydrocooling uses water as the cooling medium
and is less widely used than forced-air cooling
because some products do not tolerate water
contact and because it requires the use of water-
resistant packaging. It is commonly used for root-,

stem-, and flower-type vegetables; melons; and
some tree fruits (Pentzer et al. 1936, Toussaint
1955, Stewart and Lipton 1960, Bennett 1963,
Perry and Perkins 1968, Mitchell 1971).

Vacuum- and water spray vacuum-cooling

are usually reserved for crops, such as leafy
vegetables, that release water vapor rapidly,
allowing them to be quickly cooled (Barger 1963,
Harvey 1963).

Package icing uses crushed ice to cool and
maintain product temperature and is used for

a very few commodities, mainly those whose
purchasers have a strong traditional demand for
this method. It is still common for broccoli.

Room cooling is accomplished by placing warm
produce in a refrigerated room. Cooling times are
at least 24 h and can be much longer if produce is
not packaged correctly or if no provision is made
to allow airflow past boxes. It is used for a few
commodities, such as citrus and CA-stored apples,
which can have acceptable, though not optimal,
quality without use of rapid cooling.

Transport cooling in refrigerated ships and
containers is used for products, such as bananas,
in areas with no cooling infrastructure. Highway
trailers have insufficient airflow to cool produce
and should never be depended on for initial
cooling.

Table 1 is a summary comparison of the six initial
cooling methods.
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Forced-Air Cooling

Refrigerated air is used as the cooling medium
with this system. It is forced through produce
packed in boxes or pallet bins. A number of
airflow systems are used, but the tunnel cooler is
the most common (Thompson et al. 1998). Two
rows of packages, bins, or palletized product are
placed on either side of an air-return channel. A
tarp is placed over the product and the channel,
and a fan removes air from the channel, drawing
air through the product. The product is cooled

in batches. Cooling times range from 1 h for cut
flowers to more than 6 h for larger fruit, packed in
airflow-restricting materials such as bags or paper
wraps.

The cold-wall system is adapted to cooling
smaller quantities of produce (Thompson et al.
1998). Individual pallets or cartloads of packages
are placed against a plenum wall. Usually the
plenum has a slightly lower air pressure than

the room, and air is pulled through the product.
Some coolers, particularly for cut flowers, use a
pressurized plenum and air is pushed through the
product. Cold-wall systems do not use floor space
as efficiently as tunnel coolers and require more
management because each pallet is

cooled individually.

The serpentine air system is designed for cooling
produce in pallet bins (Thompson et al. 1998).
Stacks of even numbers of bins are placed against
a negative pressure plenum wall. Bottom openings
for forklift tines are used for air supply and air
return channels. Air flows vertically up or down
through the product. The forklift openings are
limited in dimension, which restricts airflow

and causes slow cooling. This system is used for
partially cooling product that will be packaged
later and finish-cooled after packing and for
cooling product in long-term storage. The system
uses cold room volume very efficiently.

Cooling time in forced-air coolers is controlled
by volumetric airflow rate and product diameter
(Flockens and Meffert 1972, Gan and Woods
1989). Coolers often operate with 1 L kg* sec?
of produce, with a typical range of 0.5t0 2.0 L

kg™ sec? (1 L kg* sec? equals approximately

1 CFM Ib1). At 1 L kg™ sec?, grapes with a

small minimum diameter will cool in about 2 h,
while cantaloupes with a much larger diameter
require more than 5 h. Boxes should have about
5% sidewall vent area to accommodate airflow
without excessive pressure drop across the box
(Wang and Tupin 1968, Mitchell et al. 1971).
Internal packaging materials should be selected to
restrict airflow as little as possible.

Forced-air cooling causes some moisture loss.
Loss may not be detectable for produce items
with a low transpiration coefficient, like citrus
fruits, or it may equal several percent of initial
weight for produce with a high transpiration
coefficient (Sastry and Baird 1978). Moisture loss
is linearly related to difference between initial and
final product temperatures. High initial produce
temperatures cause higher moisture loss than
lower temperatures when cooling starts. Moisture
loss can be reduced at the expense of longer
cooling times by wrapping product in plastic or
packing it in bags.

Details of fan selection, air plenum design,
refrigeration sizing, product cooling times, and
operational guidelines can be found in Thompson
et al. (1998). Forced-air coolers are the least
energy efficient type of cooler but are widely
used because they are adaptable to a wide range
of products and packaging systems (Thompson
et al. 2002). Small units can be installed in many
existing cold storage facilities.

Hydrocooling

Cooling is accomplished with this technique

by moving cold water around produce with a
shower system or by immersing produce directly
in cold water. Shower coolers distribute water
using a perforated metal pan that is flooded with
cold water from the refrigeration evaporator
(Thompson et al. 1998). Shower-type coolers can
be built with a moving conveyor for continuous
flow operation, or they can be operated in a batch
mode. Immersion coolers are suited for produce
that sinks in water (Thompson et al. 1998). They
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usually cool more slowly than shower coolers
because water flows at slower rates past the
product.

Water is a better heat-transfer medium than air,
and consequently hydrocoolers cool produce much
faster than forced-air coolers. In well designed
shower coolers, small diameter produce, like
cherries, cools in less than 10 min. Large diameter
products like melons cool in 45 to 60 min (Stewart
and Lipton 1960, Stewart and Couey 1963,
Thompson et al. 1998). Immersion coolers usually
have longer cooling times than shower coolers
because water speed past produce is slower.

Packages for hydrocooled produce must allow
vertical water flow and tolerate water contact.
Plastic or wood containers work well in
hydrocoolers. Corrugated fiberboard must be wax-
dipped to withstand water contact.

Hydrocoolers cause no moisture loss in cooling.
In fact, they can rehydrate slightly wilted produce.
Hydrocooler water spreads plant decay organisms
and thus must be obtained from a clean source
and treated (usually with hypochlorous acid

from sodium hypochlorite or gaseous chlorine)

to minimize the levels of decay organisms
(Thompson et al. 1998).

Calculations of hydrocooler size, refrigeration
capacity, water flow needs, and typical product
cooling times can be found in Thompson et al.
(1998). Hydrocoolers can be fairly energy efficient
and are the least expensive cooling method to
purchase (Thompson 1992).

Package Icing

Packing a product with crushed or flaked ice can
quickly cool it and provides a source of cooling
during subsequent handling. It also maintains high
humidity around the product, reducing moisture
loss. Its disadvantages are that it has high capital
and operating costs, requires a package that will
withstand constant water contact, and usually
adds a great amount of weight to the package.
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In addition, meltwater can damage neighboring
produce in a shipment of mixed commodities.
Cut flowers are sometimes cooled initially with
a forced-air system, and a small amount of ice in
a sealed package is secured in the container. This
greatly reduces the amount of ice needed and
eliminates meltwater damage, while providing
some temperature control during subsequent
transit and handling.

Vacuum Cooling

This method achieves cooling by causing water
to rapidly evaporate from a product. Water loss
of about 1% causes 6 °C (11 °F) product cooling
(Barger 1963). Product is placed in a steel vessel
and vacuum pumps reduce pressure in the vessel
from 760 mm Hg to 4.6 mm Hg (Thompson et al.
(1998). Water boils at a pressure of 20 to 30 mm
Hg depending on temperature. This causes rapid
moisture evaporation and produce cooling. At the
end of the cooling cycle, pressure equals 4.6 mm
Hg and water boils at 0 °C (32 °F). If the product
is held at this pressure long enough, it will cool to
0 °C (32 °F). For produce that releases moisture
rapidly, like leafy green vegetables, cooling can
be accomplished in 20 to 30 min, even when

the product is wrapped in plastic film (Cheyney
et al. 1979). The produce loses 2 to 4% of its
weight during cooling, depending on its initial
temperature. Spraying the produce with water
before cooling minimizes product moisture loss.
Some coolers are fitted with water spray systems
that are activated during the cooling cycle.

Procedures for estimating vacuum pump capacity,
refrigeration capacity, and condensing coil design
can be found in Wang and Gitlin (undated). Use
Thompson et al. (1998) and assume a -9 to -7 °C
(15 to 20 °F) refrigerant evaporating temperature
to estimate compressor horsepower. Vacuum
coolers are very energy efficient (Thompson et

al. 1987) and are cost competitive if well utilized
(Thompson 1992).



Marine Transport Cooling

Perishable products should be cooled before
being loaded into a refrigerated transport vehicle.
However, some production areas do not have
cooling facilities, and transport cooling is the only
feasible option. Citrus and bananas in the tropics
are often cooled during marine transport.
Refrigerated containers and ships supply
refrigerated air through a floor plenum. Fastest
possible cooling is obtained by using packages
that allow vertical airflow and by loading the
cargo so that refrigerated air is forced through the
product. Boxes should have top and bottom vents,
and interior packaging materials should not block
air flow. The load or dunnage material must cover
the entire floor to prevent refrigerated air from
traveling up though spaces between pallet loads
and bypassing the load. Proper packaging and
loading will allow product to cool in 1 to 2 days
(Heap 1998). Improper practices will prevent the
load from cooling and the product will arrive at
destination too warm and in poor quality.

Cooling Time Calculations

Rate of cooling is directly related to the
temperature difference between the cooling
medium and the product. Initially, when the
product is warm, temperature drops quite rapidly;
later, the rate slows as product temperature drops.
The product is considered “half cool” when its
temperature drops to half the difference between
its initial temperature and the cooling medium
temperature. After another half-cooling period,
the product is considered “three-quarters” cool.
Product is usually finished cooling at “seven-
eighths” or “fifteen-sixteenths” cool. Cooling time
predictions can be done with equations presented
in Thompson et al. (1998) or with a graphical
method like that in Sargent et al. (1988).

Cold Storage
Building Design and Layout

The floor area needed for refrigerated storage

can be calculated by determining the maximum
amount of product the facility will be expected to
handle in units of volume (m? or ft3) divided by
the storage height. Storage height is usually about
2 m, the height of a pallet load. Product height can
be increased by adding pallet racks or, if boxes
are strong enough, by stacking pallets up to three
high. Pallet bins are sometimes stacked to a height
of over 3 m. Add to this area space for corridors
and space for lift truck movement.

Airflow Design

Adequate airflow is needed to distribute
refrigerated air throughout the facility to maintain
uniform air temperatures. Most cold storage

is designed to have an air flow capacity of 0.3
m®min tonne* of product (100 ft® min* ton?).

In long-term storage, the product will reach
setpoint temperature within a few days to about

1 week after the facility is filled. Airflow can

then be reduced to about 20 to 40% of the design
capacity and still maintain adequate temperature
uniformity. This can be done by intermittent
operation of fans or by keeping the fans constantly
on but reducing their speed with an electronic
speed control system. Slow air speeds reduce
moisture loss from the product (Kroca and
Hellickson 1993).

Airflow must be distributed uniformly throughout
the coldroom to minimize temperature variability.
For product in pallet loads, one of three systems is
commonly used (Thompson et al. 1998). All three
require placement of pallets in lanes separated

by 10 to 15 cm (4 to 6 in). In rooms where the

air must travel more than 15 m (50 ft), air is
distributed through ceiling ducts or a plenum and
returns to evaporators through a long opening

in a plenum wall. Another system distributes air
into the pallet lanes, and the air returns across

the ceiling. Pallet bin storage can use the same
systems, or air can be distributed through forklift
openings or with a serpentine airflow system, as is

used in some forced-air coolers.
15



Refrigeration Load

Determining the refrigeration capacity needed

for a facility is based on estimating heat input to
the cold storage from the following: uncooled
product; product respiration; heat conduction
through walls, floors, and roof; air infiltration
through doors; lights; motors; equipment; and
personnel. However these estimates cannot be
done exactly. Over the life of a facility, it may

be used for different products, the amount of
product may change, and equipment performance
deteriorates over time. Coldroom designers make
estimates based on methods presented in Stoecker
(1998) or ASHRAE (1999) and then add perhaps
20 to 30% extra capacity as a cushion. As a rule
of thumb, refrigerated produce storage requires 10
to 14 kW of refrigeration capacity per 1,000 m? of
storage volume and refrigerated shipping docks

require 14 to 25 kW per 1,000 m? (Stoecker 1998).

Refrigeration Equipment

Most cold storage uses vapor recompression, also
called mechanical refrigeration. A few facilities
use absorption refrigeration, though this is only
cost effective if there is an inexpensive source

of low-temperature heat available. Detailed
discussions of equipment selection and design are
given in Stoecker (1998) and ASHRAE (1999).

The key design constraints for produce storage is
uniformly maintaining desired temperature and
relative humidity (RH). Uniform temperature is
maintained by adequate refrigeration capacity,
uniform air distribution, minimal temperature
difference between the evaporator coil and the air
temperature, and a precise temperature control
system. High RH is needed to reduce product
moisture loss. Most fresh produce requires 85

to 95% RH, while dried commaodities, such as
onion and ginger, need a low RH. High RH is
obtained by minimizing temperature variation in
the room and by operating the evaporator coil at
a temperature close to the setpoint temperature

of the room. This is done by installing a coil

with a high surface area and by using a control
system that maintains the refrigerant at its highest
possible temperature.
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Humidifiers may be needed to add moisture to
paper or wood packaging materials; otherwise,
packaging will absorb water from the product.
Alternatively, the product can be packed in plastic
packages that do not absorb water or in plastic
bags that slow moisture loss. Plastic materials
with minimum amounts of venting retard moisture
loss from the produce (Crisosto et al. 1994)

and may allow the cold storage to be held at a
lower humidity. Products with low transpiration
coefficients lose water slowly (Sastry and Baird
1978) and may not need special provision for high
RH storage, especially if they are not stored for a
long time.

Alternative Refrigeration Options

In areas with limited capital for investment in
refrigeration, there are other options besides
using mechanical refrigeration for temperature
control, though none of them provide the optimum
conditions that refrigeration does (Thompson
1999). Evaporative cooling drops air temperature
to within a few degrees of the wet bulb
temperature of the outside air and is sometimes
used in dry climates. In these same climates, the
nighttime air temperature tends to be lower and
product can be ventilated with cool night air.

Soil temperature at 2 m (6 ft) below the surface
is equal to the average annual air temperature.
Storage facilities can be built underground to
take advantage of these lower temperatures. Well
water is also usually equal to average annual air
temperature and can sometimes be used to cool
products. Using ice formed in winter and storing
products at high altitudes are also occasionally
used to provide cool storage temperatures.
Unfortunately, few of the above options work well
in humid, tropical climates.

Ethylene Control

Certain types of produce are sensitive to damage
from ethylene; thus it is necessary to minimize
ethylene level in their storage environment. Unless
outside temperatures are very low or very high,
ventilation is an inexpensive method of reducing
ethylene levels. Ethylene can also be absorbed on
commercially available potassium permanganate



pellets. A few products, especially floral and
ornamental crops, can be chemically treated to
make them insensitive to ethylene damage.

Controlled Atmosphere Facilities

Storage rooms can be built for controlled
atmosphere (CA) storage for about 5% additional
cost if they are properly designed initially. The
extra cost is for sealing joints between walls,
ceilings, and floors and for installing gas-tight
doors. Tilt-up concrete, metal panels, urethane
foam, and plywood have all been successfully
used as gas barriers. These storage rooms also
need equipment for monitoring and controlling
gas levels (Waelti and Bartsch 1990).
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Heat Load Calculation

Some factors need to be considered in determining refrigeration required for a cold-storage plant.
Examples are simplified to illustrate steps necessary to calculate heat load of a refrigerated storage

area during cooling and normal storage operation. More information on load calculations can be found
in Patchen (1971), Ryall and Lipton (1979), ASHRAE (1981), and Bartsch and Blanpied (1984). The
information presented here is adapted from pages 14 to 16 of the previous USDA Agriculture Handbook
Number 66 (Hardenberg et al. 1986). Examples are shown in metric units for pears in storage at -1.1

°C (30 °F). To convert respiration rate of fruits and vegetables expressed in mg CO, kg* h™ to heat
production in kJ, multiply mg CO, kg™ h™ by 61 to get kcal tonne™* day™ (1 kcal = 4,186 kJ).

Conditions

Storage size

Outside surface area (including floor)

Inside dimensions
Volume
Insulation

Ambient conditions at harvest
Fruit temperature
Storage capacity
Bin weight
Loading weight and time
Cooling rate
Air changes from door openings:
during cooling
during storage
Specific heat
Heat load to lower air:
from 30 to -1.1 °C (50% RH)
from 7.2 t0 -1.1 °C (70% RH)
Miscellaneous heat loads

Example

15x15x4.5m

720 m?

14.7x14.7x4.2 m

908 m?

7.6 cm of polyurethane with a conductivity value
(k) = 1.3 kJ per m? per cm thickness per °C;
coefficient of transmission (U) = 1.1 kJ h* m2°C
30 °C and 50% RH

at harvest, 21 °C; in storage, -1.1 °C

600 bins at 500 kg fruit per bin = 300,000 kg of fruit
63.5 kg; total weight of bins = 38,100 kg

200 bins (100,000 kg fruit per day); 3 days to fill
1st day, 21 to 4.5 °C; 2nd day, 4.5t0 -1.1°C

6 per day
1.8 per day
pears, 0.86; wood bins, 0.5

74.5kim3

15.3 kIm?

lights, 2,400 W per h (3.6 kJ W?)

fans at 3,112 kJ per HP

electric forklifts, 36,920 kJ each for 8 h
workers, 1,000 kJ per h per person
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A. Load during cooling and filling storage: temperature difference (TD) from 30 °C to -1.1 °C = 31.1

°C, assuming 31.1 °C TD on all surfaces:

1. Building-transmission load: area (720 m?) x U (1.1 kJ) x TD (31.1°C) x h (24) =

2. Air-change load from doors: vol (908 m?) x heat load (74.5 kJ) x air changes (6) =

3. Product cooling (field heat removal):

First day
Fruit (100,000 kg) x specific heat (0.86) x TD (21 to 4.5 °C) x
kJ factor (4.186) =
Bin weight (12,700 kg) x specific heat (0.5) x TD (21 to 4.5 °C) x
kJ factor (4.186) =

Second day
Fruit weight (100,000 kg) x specific heat (0.86) x TD (4.5 to -1.1 °C) x
kJ factor (4.186) =
Bin weight (12,700 kg) x specific heat (0.5) x TD (4.5 to -1.1 °C) x
kJ factor (4.186) =

4. Heat of respiration during cooling (vital heat):
First day
Average temperature of 13 °C; respiration rate of 12,206 kJ per tonne
per 24 h; tons of fruit (100) x rate (12,206) =
Second day
Average temperature of 1.7 °C; respiration rate of 1,741 kJ per tonne
per 24 h; tonnes of fruit (100) x rate (1,741) =

Maximum heat accumulated in storage before cooling completed: total fruit
weight of 300,000 kg - 2 day loading weight of 200,000 kg = 100,000 kg
(100 tonnes); respiration rate at -1.1 °C is 812 kJ per tonne per 24 h; tonnes
of fruit (100) x respiration rate (812) =

5. Miscellaneous heat loads:

Lights: W (2,400) x kJ per W (3.6) x h (8) =
Fans: HP (3) x kJ per HP (3,112) x h (24) =
Forklifts: 2 x 36,920 kJ per forklift for 8 h =
Labor: workers (2) x kJ per h (1,000) x h (8) =

Total heat load during cooling:
Building transmission

Air change

Product cooling

Production respiration
Miscellaneous

Subtotal

Add 10% to be cautious
Total required refrigeration

20

kJ per 24 h
591,149

405,876

5,939,934

438,588

2,015,977

148,854

1,220,600

174,100

81,200

69,120
224,064
73,840
16,000

519,149
405,876
8,543,353
1,475,900
383,024

11,399,302
1,139,930
12,539,232



Assuming refrigeration equipment operates 18 h per day: 12,539,232 + 18 h = 696,624 kJ h. Since a
tonne of refrigeration absorbs 12,660 kJ per 24 h: 696,624 + 12,660 = 55 tonnes of peak refrigeration
capacity is required.

B. Load during normal storage operation (average outside ambient conditions, 7.2 °C at 70% RH;
storage temperature, -1.1 °C; TD =7.2 ° to -1.1 °C = 8.3 °C).
kJ per 24 h
1. Building-transmission load: area (720 m?) x U (1.1 kJ) x TD (8.3°C) x h (24) = 157,766
2. Air-change load from doors: vol (908 m®) x heat load (15.3 kJ) x air changes (1.8) = 25,006

Product load (respiration, no cooling):
3. Respiration rate at -1.1 °C is 812 kJ per tonne per 24 h; tonne fruit (300) x rate (812) = 243,600

4. Miscellaneous head loads:

Lights: W (2,400) x kJ per W (3.6) x h (4) = 34,560
Fans: HP (3) x kJ per HP (3,112) x h (24) = 224,064
Labor: people (1) x kJ per h (1,000) x h (4) = 4,000
Total load during storage:
Building transmission 157,766
Air change 25,006
Product load (respiration) 243,600
Miscellaneous 262,624
Subtotal 688,996
Add 10% to be cautious 68,899
Total required refrigeration 757,895

Assuming refrigeration equipment operates 18 hours per day: 757,895 + 18 h = 42,105 kJ h* and
42,105 + 12,660 = 3.3 tonnes of refrigeration capacity is needed during normal storage.
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Introduction

Controlled atmosphere (CA) storage involves
maintaining an atmospheric composition that is
different from air composition (about 78% N.,
21% O,, and 0.03% CO,); generally, O, below
8% and CO, above 1% are used. Atmosphere
modification should be considered as a supplement
to maintenance of optimum ranges of temperature
and RH for each commaodity in preserving quality
and safety of fresh fruits, ornamentals, vegetables,
and their products throughout postharvest
handling. This chapter gives an overview of
responses to CA; specific CA considerations are
given in individual commodity summaries.

Biological Basis of CA Effects

Exposure of fresh horticultural crops to low O,
and/or elevated CO, atmospheres within the
range tolerated by each commodity reduces

their respiration and ethylene production rates;
however, outside this range respiration and
ethylene production rates can be stimulated,
indicating a stress response. This stress can
contribute to incidence of physiological disorders
and increased susceptibility to decay. Elevated
CO,-induced stresses are additive to and
sometimes synergistic with stresses caused by low
0O,, physical or chemical injuries, and exposure
to temperatures, RH, and/or C_H, concentrations
outside the optimum range for the commodity.

The shift from aerobic to anaerobic respiration
depends on fruit maturity and ripeness stage
(gas diffusion characteristics), temperature,
and duration of exposure to stress-inducing
concentrations of O, and/or CO,. Up to a point,
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fruits and vegetables are able to recover from

the detrimental effects of low O, and high CO,
stresses (fermentative metabolism) and resume
normal respiratory metabolism upon transfer to
air. Plant tissues have the capacity for recovery
from the stresses caused by brief exposure

to fungistatic atmospheres (>10% CO,) or
insecticidal atmospheres (<1% O, and/or 40 to
80% CO,). Postclimacteric fruits are less tolerant
and have lower capacity for recovery following
exposure to reduced O, or elevated CO, levels
than preclimacteric fruits. The speed and extent of
recovery depend on duration and levels of stresses
and underlying, metabolically driven cellular
repair.

Elevated-CO, atmospheres inhibit activity of
ACC synthase (key regulatory site of ethylene
biosynthesis), while ACC oxidase activity is
stimulated at low CO, and inhibited at high CO,
concentrations and/or low O, levels. Ethylene
action is inhibited by elevated CO, atmospheres.
Optimum atmospheric compositions retard
chlorophyll loss (green color), biosynthesis

of carotenoids (yellow and orange colors)

and anthocyanins (red and blue colors), and
biosynthesis and oxidation of phenolic compounds
(brown color). Controlled atmospheres slow
down the activity of cell wall degrading enzymes
involved in softening and enzymes involved in
lignification, leading to toughening of vegetables.
Low O, and/or high CO, atmospheres influence
flavor by reducing loss of acidity, starch to

sugar conversion, sugar interconversions, and
biosynthesis of flavor volatiles. When produce

is kept in an optimum atmosphere, ascorbic acid
and other vitamins are retained, resulting in better
nutritional quality.

Severe stress CA conditions decrease

cytoplasmic pH and ATP levels and reduce
pyruvate dehydrogenase activity, while pyruvate
decarboxylase, alcohol dehydrogenase, and lactate
dehydrogenase are induced or activated. This
causes accumulation of acetaldehyde, ethanol,
ethyl acetate, and/or lactate, which may be
detrimental to the commodities if they are exposed
to stress CA conditions beyond their tolerance.
Specific responses to CA depend on cultivar,



maturity and ripeness stage, storage temperature
and duration, and in some cases ethylene
concentrations.

N, is an inert component of CA. Replacing N,
with argon or helium may increase diffusivity of
0,, CO, and CH,, but they have no direct effect
on plant tissues and are more expensive than N, as

a CA component.

Super-atmospheric levels of O, up to about 80%
may accelerate ethylene-induced degreening

of nonclimacteric commaodities and ripening

of climacteric fruits, respiration and ethylene
production rates, and incidence of some
physiological disorders (such as scald on apples and
russet spotting on lettuce). At levels above 80% O,,
some commaodities and postharvest pathogens suffer
from O, toxicity. Use of super-atmospheric O, levels
in CA will likely be limited to situations in which they
reduce the negative effects of fungistatic, elevated CO,
atmospheres on commaodities that are sensitive to CO,-
induced injury.

Beneficial Effects of CA (Optimum
Composition for the Commodity)—A
Summary

* Retardation of senescence (including
ripening) and associated biochemical
and physiological changes, particularly
slowing down rates of respiration, ethylene
production, softening, and compositional
changes.

* Reduction of sensitivity to ethylene action at
0O, levels <8% and/or CO, levels >1%.

« Alleviation of certain physiological disorders
such as chilling injury of avocado and some
storage disorders, including scald of apples.

» CA can have a direct or indirect effect on
postharvest pathogens (bacteria and fungi)
and consequently decay incidence and
severity. For example, CO, at 10 to 15%
significantly inhibits development of botrytis
rot on strawberries, cherries, and other
perishables.

* Low O, (<1%) and/or elevated CO, (40 to
60%) can be a useful tool for insect control
in some fresh and dried fruits, flowers, and
vegetables and in dried nuts and grains.

Detrimental Effects of CA (Above or
Below Optimum Composition for the
Commodity)—A Summary

* Initiation and/or aggravation of certain
physiological disorders such as internal
browning in apples and pears, brown stain
of lettuce, and chilling injury of some
commodities.

* Irregular ripening of fruits, such as banana,
mango, pear, and tomato, can result from
exposure to O, levels below 2% and/or CO,
levels above 5% for >1 mo.

» Development of off flavors and off odors
at very low O, concentrations (as a result
of anaerobic respiration) and very high
CO, levels (as a result of fermentative
metabolism).

* Increased susceptibility to decay when the
fruit is physiologically injured by too low O,
or too high CO, concentrations.

Commercial Application of CA Storage

Several refinements in CA storage have been made
in recent years to improve quality maintenance.
These include creating nitrogen by separation
from compressed air using molecular sieve beds
or membrane systems, low-O, (1.0 to 1.5%)
storage, low-ethylene (<1 pL L) CA storage,
rapid-CA (rapid establishment of optimal levels
of O, and CO,), and programmed- (or sequential-)
CA storage—for example, storage in 1% O,

for 2 to 6 weeks followed by storage in 2 to

3% O, for the remainder of the storage period.
Other developments, which may expand use of
atmospheric modification during transport and
distribution, include improved technologies for
establishing, monitoring, and maintaining CA
using edible coatings or polymeric films with
appropriate gas permeability to create a desired
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atmospheric composition around and within the
commodity. Modified atmosphere packaging
(MAP) is widely used in marketing fresh-cut
produce.

Applications of CA to cut flowers are very limited
because decay caused by Botrytis cinerea is often
a limiting factor to postharvest life, and fungistatic
CO, levels damage flower petals and/or associated
stem and leaves. Also, it is less expensive to treat
flowers with anti-ethylene chemicals than to use
CA to minimize ethylene action.

Commercial use of CA storage is greatest on
apples and pears worldwide, less on cabbages,

sweet onions, kiwifruits, avocados, persimmons,
pomegranates, and nuts and dried fruits and
vegetables (table 1). Atmospheric modification
during long-distance transport is used with
apples, asparagus, avocados, bananas, broccoli,
cane berries, cherries, figs, kiwifruits, mangos,
melons, nectarines, peaches, pears, plums,

and strawberries. Continued technological
developments in the future to provide CA
during transport and storage at a reasonable cost
(positive benefit/cost ratio) are essential to greater
applications on fresh horticultural commodities
and their products.

Table 1. Classification of horticultural crops according to their CA storage potential at

optimum temperatures and RH.

Storage duration Commodities

Months
>12 Almond, Brazil nut, cashew, filbert, macadamia, pecan, pistachio, walnut,
dried fruits and vegetables
6to 12 Some cultivars of apples and European pears
3t06 Cabbage, Chinese cabbage, kiwifruit, persimmon, pomegranate, some
cultivars of Asian pears
1to3 Avocado, banana, cherry, grape (no SO,), mango, olive, onion (sweet
cultivars), some cultivars of nectarine, peach and plum, tomato (mature-green)
<1 Asparagus, broccoli, cane berries, fig, lettuce, muskmelons, papaya,

pineapple, strawberry, sweet corn, fresh-cut fruits and vegetables, some cut

flowers
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Introduction

Temperature preconditioning of fruits and
vegetables has been practiced for more than 70
years, since Baker (1939, 1952) described heat
treatments for disinfestation of fruit flies in citrus.
There is renewed interest in high temperature as
a postharvest treatment for control of both insect
pests and fungal pathogens in fresh produce. In
part, this is because of the deregistration of a
number of compounds that, until recently, have
been used for effective control of postharvest
disorders. In addition, there is increased consumer
demand for produce that has had minimal, or
ideally no, chemical treatment.

Heat has fungicidal as well as insecticidal action,
but heat regimes that are optimal for insect control
may not be optimal for disease control; in some
cases they may even be detrimental. A thermal
treatment that is developed for fungus or insect
control should not damage the commodity being
treated. In fact, in many cases high temperature
manipulation before storage may have beneficial
effects on the commodity treated. These benefits
include slowing the ripening of climacteric fruit
and vegetables, enhancing sweetness of produce
by increasing the amount of sugars or decreasing
acidity, and prevention of storage disorders such
as superficial scald on apples and chilling injury
on subtropical fruits and vegetables (Lurie 1998).

Temperature conditioning before storage may also
mean an incubation period spent at either ambient
temperature of 16 to 25 °C (61 to 77 °F) or at a
temperature below ambient but above that which
might produce chilling injury: 5to 12 °C (41 to
54 °F), depending on the commodity. This type
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of temperature manipulation is often referred to
as a “curing” period and is used with crops such
as potatoes, onions, and carrots. Its purpose is
generally to increase resistance of the commodity
to pathogen invasion, though it may also increase
resistance to low-temperature injury in citrus.

In this chapter we discuss temperature
preconditioning treatments according to their
purpose; that is, pathogen, insect, or chilling
injury control. Most of the methods listed here,
however, are still experimental and have yet to be
accepted for routine commercial practice.

Commercial Treatments

The greatest number of temperature manipulations
used commercially are based on high-temperature
treatments (vapor heat or hot forced-air) for insect
disinfestation. Temperature regimes are developed
specifically for each commodity and insect pest.
The accepted procedures for produce entering

the United States are described in the Plant
Protection and Quarantine Treatment Manual
from USDA, Animal and Plant Health Inspection
Service (APHIS). The manual is routinely updated
(APHIS 1998). The latest edition of the manual
should be consulted for approved treatments for
particular commodities or pests.

An example of commercial temperature
conditioning for pest control is Mexican-grown
mangos, which may be infested with a variety

of fruit fly larvae or eggs. Officially authorized
treatments are high-temperature, forced-air
treatment (HAT) or a hot water dip treatment
(HWT) before storage and shipment. In HAT, fruit
are heated until their centers reaches 48 °C (118
°F). HWT conditions depend on fruit size and can
vary from 45 to 90 min in water, where the fruit
interior reaches 46 °C (115 °F).

Vapor-heat (VHT) differs from high-temperature,
forced-air in that moisture accumulates on the
surface of the fruit. The water droplets transfer
heat more efficiently than air, allowing the fruit
to heat quickly; but there may also be increased



physical injury to the fruit. Papayas grown in
Hawaii are vapor-heat-treated before being
exported to Japan.

Citrus can be disinfested by HAT at 44 °C (111
°F) for 100 min, with an additional 90 min

spent raising the temperature to 44°C. The usual
disinfestation method, however, is to hold the fruit
at low temperature of 0 to 2 °C (32 to 36 °F) for
10 to 16 days before raising the temperature to the
normal storage temperature of 6 to 11°C (43 to 52
°F), depending on cultivar. Since citrus is sensitive
to chilling, fruit are generally held at 20 °C (68 °F)
or 16 °C (61 °F) for 3 to 5 days before placing at
low temperature. This curing treatment decreases
fruit susceptibility to chilling injury resulting from
the subsequent disinfestation treatment.

Insect Disinfestation

The development and implementation of heat
treatments for insect disinfestation have been
reviewed thoroughly (Couey 1989, Paull 1993).
Table 1 includes treatment regimes that have
been reported in the past 20 years. More than half
the treatments are designed to kill fruit fly eggs
or larvae, because their presence requires strict
quarantine in most fruit-importing countries. The
most recently developed methods include heat
treatments in combination with low-O, or high-
CO, atmospheres.

Antifungal Treatments

Curing is used commercially to increase resistance
to pathogen invasion. Potatoes are cured at 12 °C
(54 °F) for 10 to 12 days before storage at 4 to 9
°C (39 to 48 °F), depending on cultivar and on
whether they are designated for industry or home
consumption. Sweet potatoes are also cured at 30
°C (86 °F) for 5 days before storage at 12 °C (54
°F). In both cases the curing period allows for
wound healing and deposition of cell wall material
to create a physical barrier to pathogens. Kiwifruit
also benefit from a curing period. If held at 10 °C
(50 °F) before storage at low temperatures, they

develop fewer rots after storage. Onions can be
stored longer if held at 28 °C (82 °F) for 3 days
before storage.

The two commercial applications of high-
temperature antifungal treatments are HWT for
papayas (Akamine and Arisumi 1953), which has
been used for almost 50 years, and a hot-water
brush treatment (HWB) (Fallik 1996a, 1999,
Prusky et al. 1997). The brush system is in use

on packing lines for export of corn, mangos,
peppers, and some citrus from Israel. The machine
sprays hot water at 50 to 65 °C (122 to 149 °F) on
produce as it moves along on brush rollers. The
major benefit appears to be removal of spores and
dirt, though hot water combined with brushing
also causes surface cracks to be filled in by the
natural wax of the commaodity, as well as eliciting
resistance to pathogens in some cases.

The state of temperature conditioning treatments
against fungal pathogens was reviewed by Barkai-
Golan and Phillips (1991) and Coates and Johnson
(1993). The majority of the regimes listed in table
2 were developed in the past 10 years. Dips in

hot fungicide solution have been used since the
1950s for pathogen control. As various fungicides
lose their registration or as pathogens develop
resistance, there is increased interest in heat-
treating produce in combination with compounds
that are generally recognized as safe (GRAS),
such as calcium chloride or sodium carbonate
(table 2).

Physiological Benefits of Conditioning
Treatments

Most thermal treatments have been developed

as lethal regimes for insects or fungi. Some of
these regimes, however, also have prophylactic
effects against physiological disorders such as
chilling injury (CI). Prevention of Cl allows

the commaodity to be stored longer at lower
temperatures, which in turn permits export in ships
rather than more costly air freight. In addition,

a preshipping heat treatment can allow for low-
temperature disinfestations of commaodities, such
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as citrus, by improving the resistance of fruit to ClI
generally incurred during this treatment.

Other heat treatments have been developed
specifically to maintain postharvest quality, such
as increased firmness of apples or decreased
yellowing of broccoli, or to protect against other
abiotic stresses, such as irradiation disinfestation
treatments (table 3). The physiological
mechanisms of these treatments were previously
reviewed by Lurie (1998).
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Table 3. Physiological benefits of thermal treatments for horticultural crops

Chilling injury
Crop Phenomenon/ Regime* Temperature/Time Reference
Appearance
Apple scald HAT 38 °C/4 days or Lurie et al. 1990
42 °C/2 days
Avocado skin browning HAT then 38 °C/3-10 h then Woolf et al. 1995
internal browning, HWT 40 °C/30 min Florissen et al. 1996
pitting 38 °C/60 min Woolf et al. 1997
HWT
Cactus pear rind pitting, HAT or HWT 38 °C/24 h or Schirra et al. 1996
brown staining 55 °C/5 min
Citrus rind pitting HAT 34-36 °C/48-72 h Ben -Yehoshua et al.
1987
Gonzalez-Aguilare et
al. 1998
HWT 50-54 °C/3 min Schirra & D’Hallewin
1997
53 °C/2-3 min Rodov et al. 1995
HWB 59-62 °C/15-30 sec Porat et al. 1999
Mango pitting HAT 38 °C/2 days McCollum et al. 1993
54 °C/20 min Jacobi et al. 1995
Persimmon gel formation HWT 47 °C/90-120 min; Lay-Yee et al. 1997
50 °C/30-45 min;
52 °C/20-30 min
HAT Woolf et a. 1997
Green pepper  pitting HAT 40 °C/20 h Mencarelli et al. 1993
Cucumber pitting HWT 42 °C/30 min McCullum et al. 1995
Tomato pitting HAT 38 °C/2-3 days Lurie & Klein 1991
HWT 48 °C/2 min Lurie et al. 1997
42 °C/60 min McDonald et al. 1998,
1999
Zucchini pitting HWT 42 °C/30 min Wang 1994
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Table 3. Physiological benefits of thermal treatments for horticultural crops—Continued

Improved postharvest quality

Commodity

Parameter/Attribute Regime*

Temperature/Time

Reference

Apple

Asparagus

Broccoli

Collard
Green onions

Guava

Kale

Potato

increased firmness

inhibited curvature

decreased yellowing

decreased yellowing
inhibited elongation

decreased softening
and yellowing

decreased yellowing

inhibited sprouting

HAT

HWT

HWT

HAT

HWT

HWT

HAT

HWT

38 °C/4 days;

42 °C/2 days

47 °C/2-5 min

50 °C/2 min
45 °C/10 min;

47 °C[7.5 min

45 °C/30 min

55 °C/2 min

46 °C/35 min

40 °C/60 min

Klein & Lurie 1992

Paull & Chen 1999
Forney 1995

Tian et al. 1996, 1997
Wang 1998

Hong et al. 2000

McGuire 1997

Wang 1998

Rangann et al. 1998

* HWT: hot water treatment
HAT: high-temperature forced-air treatment
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Introduction

Modified-atmosphere packaging (MAP) of fresh
fruits and vegetables refers to the technique of
sealing actively respiring produce in polymeric
film packages to modify the O, and CO, levels
within the package atmosphere. It is often
desirable to generate an atmosphere low in O, and/
or high in CO, to influence the metabolism of the
product being packaged or the activity of decay-
causing organisms to increase storability and/or
shelf-life. For some products, modifying both O,
and CO, may be desirable; indeed, altering the O,
level automatically alters CO, level. In addition to
atmosphere modification, MAP vastly improves
moisture retention, which can have a greater
influence on preserving quality than O, and

CO, levels. Furthermore, packaging isolates the
product from the external environment and helps
to ensure conditions that, if not sterile, at least
reduce exposure to pathogens and contaminants.

MAP was first evaluated in the mid to late 1940s
for its ability to reduce O, levels sufficiently to
slow the ripening of apple fruit. The primary
limitation of MAP application in the early
studies was technical in nature—specifically,

the lack of consistent control of O, levels in the
package. Since then, the types and properties

of polymers have increased to provide a wider
range of gas permeability, tensile strength,
flexibility, printability, and clarity. As a result,
successful modified atmosphere (MA) packaging
systems have been developed for a number of
commodities.

It is important to recognize that while atmosphere
modification can improve the storability of some
fruits and vegetables, it has the potential to induce
undesirable effects. Fermentation and off flavors
may develop if decreased O, levels cannot sustain
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aerobic respiration (Kays 1997). Similarly, injury
will occur if CO, exceeds tolerable levels. Ranges
of nondamaging O, and CO, levels have been
published for a number of fruits and vegetables
(Kader 1997a, Kupferman 1997, Richardson and
Kupferman 1997, Saltveit 1997, Beaudry 1999,
2000), minimally processed products (Gorny
1997), and flowers and ornamentals (Reid 1997).
Horticultural crops differ in their tolerance for

O, (table 1) and CO, (table 2). ). The range of O,
and CO, levels for fruits (figure 1) and vegetables
(figure 2) can overlap or be distinct.



Table 1. O, limits below which injury can occur for selected horticultural crops held
at typical storage temperatures

0, Commodities

%

<0.5 Chopped greenleaf*, redleaf*, romaine* and iceberg lettuce*; spinach; sliced
pear; broccoli*; mushroom

1.0 Broccoli florets, chopped butterhead lettuce, sliced apple, brussels sprouts,
cantaloupe, cucumber, crisphead lettuce, onion bulbs, apricot, avocado,
banana*, cherimoya, atemoya, sweet cherry, cranberry, grape, Kiwifruit*,
litchi, nectarine, peach, plum, rambutan, sweetsop

15 Most apples*, most pears*

2.0 Shredded and cut carrots, artichoke, cabbage*, cauliflower, celery, bell and
chili peppers, sweet corn, tomato, blackberry, durian, fig, mango, olive,
papaya, pineapple, pomegranate, raspberry, strawberry

2.5 Shredded cabbage, blueberry

3.0 Cubed or sliced cantaloup, low-permeability apples* and pears*, grapefruit,
persimmon

4.0 Sliced mushrooms

5.0 Green snap beans, lemon, lime, orange

10.0 Asparagus

14.0 Orange sections

Source: Gorny 1997, Kader 1997a, Kupferman 1997, Richardson and Kupferman 1997, Saltveit
1997, and Beaudry 2000
* Considered to have very good to excellent potential to respond to low O,
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Table 2. CO, partial pressures above which injury will occur for selected

horticultural crops

CO, Commodities

kPa

2 Lettuce (crisphead), pear

3 Artichoke, tomato

5 Apple (most cultivars), apricot, cauliflower, cucumber, grape, nashi, olive,

orange, peach (clingstone), potato, pepper (bell)

7 Banana, bean (green snap), kiwifruit

8 Papaya

10 Asparagus, brussels sprouts, cabbage, celery, grapefruit, lemon, lime, mango,
nectarine, peach (freestone), persimmon, pineapple, sweet corn

15 Avocado, broccoli, lychee, plum, pomegranate, sweetsop

20 Cantaloupe (muskmelon), durian, mushroom, rambutan

25 Blackberry, blueberry, fig, raspberry, strawberry

30 Cherimoya

Source: modified from Herner 1987, Kader 1997a, and Saltveit 1997

Figure 1. Recommended O, and CO, combinations for the
storage of fruit. The chart depicts atmospheres theoretically
attainable by MAP by film permeation alone (low-density
polyethylene, LDPE, lower boundary) and via perforations
alone (upper, dashed line) or their combination (shaded
area). Data are adapted from Kader (1997) and reprinted
with permission from Beaudry (1999). Copyright 1999 by
Elsevier Science.
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Figure 2. Recommended O, and CO, combinations for

the storage of vegetables. The chart depicts atmospheres
theoretically attainable by MAP using low-density
polyethylene (LDPE, lower boundary) and perforated
packages (upper, dashed line); redrawn from Mannapperuma
et al. (1989). The shaded area represents atmospheres
observed in commercial MA packages of mixed lettuce-
based salads (Cameron et al. 1995). Reprinted with
permission from Beaudry (1999). Copyright 1999 by Elsevier
Science.



The composition of the atmosphere within

a package results from the interaction

of a number of factors that include the
permeability characteristics of the package,

the respiratory behavior of the plant material,
and the environment. The films making up

the package are selected to have specific
permeability characteristics, and changes in
these characteristics over time, temperature,

and humidity follow known physical laws. The
environment can be controlled to provide specific
conditions. In contrast to these known and
controllable factors are the often unknown and
uncontrollable responses of the plant material.
Plant species and cultivar, cultural practices,
stage of development, manner of harvest, tissue
type, and postharvest handling—all of these
factors contribute and influence the response of
the material to the generated atmosphere. The
scope of plant responses can be further modified
by initial gas flush of the package before sealing
and inclusion of chemical treatments to slow
unwanted processes or reduce decay. Each of
these components of the packaging process can be
examined separately to better illustrate how each
contributes to packaging strategies.

Package Parameters

Atmosphere modification in MAP requires
actively respiring plant tissue and a barrier
through which gas exchange is restricted. The
reduced O, and increased CO, resulting from
tissue respiration create gradients across the film
barrier that provide the driving force for gas
movement into and out of the package. The levels
of O, and CO, within a package depend on the
interaction between commodity respiration and the
permeability properties of the packaging film or
microperforations (Beaudry et al. 1992, Kader et
al. 1997a).

There are two strategies for creating film. The first
employs continuous films that control movement
of O, and CQ, into or out of the package. The
second uses perforated films with small holes,

or microperforations, as the primary route of gas
exchange.

Continuous Films: The movement of O, and CO,
is usually directly proportional to the difference
in gas concentration across the film. Steady-state
(constant) O, and CO, levels are achieved in the
package when the O, uptake and CO, production
by the product are equal to that permeating
through the film, a situation that exists only when
the respiratory rate is constant.

Perforated Films: The rate of gas movement
through a perforated film is the sum of gas
diffusion through the perforation and gas
permeation through the polymeric film. Generally,
total gas flow through the perforations is much
greater than gas movement through the film. Gas
transmission through microperforations has been
modeled (Fishman et al. 1996). The rate of gas
exchange through perforations in a film is so much
greater than through continuous films that a I-mm
perforation in a 0.0025 mm (1 mil) thick low-
density polyethylene (LDPE) film has nearly the
same gas flux as a half a square meter area of the
film. As might be surmised, perforated packages
are more suitable for produce having a high O,
demand.

Gas Exchange Properties of Continuous and
Perforated Films

The relative permeability of the package to O,
and CO, differs substantially between continuous
and perforated films and results in considerable
differences in gas exchange behavior. In packages
composed of continuous films, the permeability
of the package to CO, is usually 2 to 8 times that
of O, permeability. If the rate of O, uptake by the
product is roughly the same as its production of
CO, (the normal case unless fermentation is taking
place), the CO, gradient will be much lower

than the O, gradient. For example, low-density
polyethylene (LDPE) has permeability to CO,
that is four times that of O,. In a LDPE package
having a 10% O, steady-state atmosphere, the
CO, level could be calculated as (21 - 10%)/4,

or 2.75% CO,,. (Air contains 78% N, 21%

0,, and 0.03% CO.,,.) For perforated films, the
permeability to CO, is only 0.77 times that of O,.
As a result, in a package relying on perforations
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for gas exchange, CO, levels climb to roughly

the same extent that O, levels decline (that is, the
gradients are nearly equal) such that the sum of
0, and CO, concentrations is usually in the range
of 18 to 20%. For any given O, level, therefore,
the perforated package will have a considerably
higher level of CO, compared with the continuous
film package. To extend the example above, if a
package were designed to have a 10% O, steady-
state atmosphere using perforations as the route
of gas exchange, the CO, level would be 0.77 x
(21 - 10%), or 8.8%, which is about 3-fold greater
than in the continuous film package. The relative
elevation of CO, in perforated film packages may
be critically important in package design, if CO, is
needed to help control decay or degreening.

MAP relying on a combination of perforation

and permeation has features of both systems,

with attainable combinations of O,and CO, being
between those of packages relying on permeation
and those relying on perforations (Mannapperuma
et al. 1989, Beaudry 1999) (figures 1 and 2).

The temperature sensitivity for permeation, and
the permeability of O, and CO,, is somewhere
between those for perforated packages and
continuous film packages.

Temperature is extremely important in package
design, and continuous and perforated films
differ in their response to temperature changes.
The O, and CO, permeability of continuous films
increases with temperature, while the diffusion
of gases through perforations is extremely
insensitive to temperature changes. For instance,
O, permeation through LDPE can increase 200%
from 0 to 15 °C, but the exchange of O, through
perforations will increase only 11% across this
temperature range.

Depending on the rates of respiration and
transmission through the package, atmosphere
modification can be achieved rapidly or relatively
slowly. At low temperatures, atmosphere
modification can take several days, such that
some package systems would not achieve steady-
state conditions before the end of their shelf-life.
In many cases, purging the package atmosphere
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with CO,, N, or a combination of gases is often
desirable during filling and sealing to rapidly
obtain the maximum benefits of MAP.

Respiratory Parameters

The maximal rate of respiration for most fruit
and vegetable products undergoes a 4- to 6-fold
increase from 0 to 15 °C (Beaudry et al. 1992,
Cameron et al. 1994,1995, Lakakul et al. 1999).
This means that product respiration increases at
2 or 3 times the rate of LDPE permeability and
30 times the rate of perforation permeability
with increasing temperature. When respiratory
demand for O, increases faster than O, permeation
as temperature increases, O, levels decline and
may pose a risk to product quality, limiting the
usefulness of MAP in some situations.

Safe levels of O, and CO, are important for
package design. A lower O, limit has been
associated with onset of fermentation and
accumulation of ethanol and acetaldehyde
(Beaudry et al. 1992). Fermentation is linked

to the development of off flavors and tissue
damage. Effect of temperature on lower O, limit
has been measured for a number of commodities
including whole apple, apple slices, blueberry, and
raspberry. In each case, lower O, limit increased
with temperature. Lower O, limits vary from 0.15
to 5% (table 1) and are influenced by temperature,
commodity, and cultivar (Beaudry and Gran
1993).

Integrating Package, Product, and
Environment

Mathematical models can integrate the film
permeability to O,, to CO,, and to H,O and the
respiratory response of the commodity to O, (and
in some cases to CO,), along with its lower O,
limit and upper CO, limit (Beaudry et al. 1992,
Cameron et al. 1994, Fishman et al. 1996, Hertog
et al. 1998, Lakakul et al. 1999). These models
enable the reasonably accurate prediction of
package performance; that is, O,-, CO,-, and H,O-



content in the package headspace under a variety
of environmental conditions prior to construction
of the package. Additionally, they permit the
identification of limiting features of the film,
package design, and product and environment
conditions. Models typically include temperature
dependency but can also be developed to predict
effects of package volume, resistance to heat flow,
and developmental changes in product physiology
on headspace gases.

Predicting and Controlling O, and CO, Content

A model can be developed to predict the
steady-state concentration of O, in the package
headspace. Steady-state models incorporating
temperature effects on respiration and
permeability have been published for many
commaodities. In addition, more complex dynamic
models have been developed to account for
temporal changes in package volume, product
respiration, and the humidity and temperature of
the environment (Fishman et al. 1996, Hertog et
al. 1998).

Package performance can be depicted in a number
of ways. Perhaps the most instructive format is
describing the effects of temperature on package
O, levels. For example, a package was designed
to produce low O, and high CO, levels for 100

g of apple slices at 0 °C (Lakakul et al. 1999).
The practical O, limit was set 3-fold higher than
the fermentation threshold to prevent variation

in respiration and permeability from causing a
reduction in package O, below the lower limit.

If the package relied on perforations for gas
exchange, it would undergo a rapid decline in

O, by the time the package reached 6 °C (43 °F).
Films with higher temperature sensitivity would
be less prone to risk fermentation. In this example,
packages were designed to maintain aerobic

O, levels at 15 °C, the highest temperature to
which they would be exposed. The performance
of the packages can then be predicted at lower
temperatures likely to be encountered during
storage. A package O, model can also be used

to predict very specific package criteria. For
instance, the 100 g of apple slices described above
were in a container with a film area of 120 cm?.

Film thickness and composition with different
permeability characteristics could be selected to
protect against fermentation.

A package model can also be used to clarify the
nature of the mismatch between the temperature
sensitivity of O, uptake and O, flux through

the film and denote methods to ameliorate this
problem. One method would be to choose a film
with permeability changes for O, similar to that
of the respiration of the product, so if temperature
increases, respiration and permeability of the film
increase an equivalent amount.

Another solution to the MAP temperature problem
is to develop a package system that senses either
the environment or the physiological status of the
enclosed product and responds by increasing the
permeability to O, (Cameron et al. 1993). Such
“sense-and-respond” packaging is technically
difficult to develop, and progress has only been
conceptual at this time (Smyth et al. 1999). A third
approach is to design packages to function at the
highest temperatures typically encountered in the
distribution and retail cool chain and, as far as
possible, maintain control over the temperature

of the packaged product, thereby adapting to the
limitations imposed by the film. Most companies
using MAP have adopted this simple solution.
Generally, the lowest temperature feasible is
maintained, since temperature has a much more
significant influence on preserving quality than the
application of low O, (Kays 1997).

Variation in the respiration rate of the product
and the variation in film or pore permeability can
influence package design. Variation in product
respiration and package permeability has been
measured for broccoli, and the effect on package
O, modeled (Cameron et al. 1993). Cameron et al.
(1993) concluded that there is an estimable risk of
the package O, falling sufficiently low to promote
fermentation in any product. Packages should

be designed to generate O, levels well above the
lower limit to ensure aerobic conditions.

Products such as broccoli, mushrooms, and
leeks have very high rates of respiration, and
most continuous films do not have the capacity
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to provide enough O, to avoid fermentation.
Accordingly, there is commercial interest in
developing films with high gas transmission rates.
Films that have improved rates of gas transmission
by virtue of their polymeric nature are often
blends of two or three different polymers, whith
each polymer performing a specific function

such as strength, transparency, and improved gas
transmission. Similarly, films can be laminated to
achieve needed properties.

The plastic polymer can also be mixed with an
inert inorganic material such as CaCO, and SiO,
to generate micoporous films. Gas permeabilities
can be manipulated by adjusting the filler
content, particle size of the filler, and degree of
stretching. The average pore size ranges from
0.14 to 1.4 um in diameter (Mizutani, 1989).
Films using microperforations can attain very
high gas transmission rates. The diameter of
microperforation generally ranges from 40 to

200 um; and, by altering the size and thickness
of microperforations, gas permeability through

a package can be altered to meet well-defined
product requirements. Microperforated films have
also been used to extend storage of strawberries
and nectarines (Meyers 1985) and apple (Watkins
et al. 1988).

Water Vapor

Plant tissues tend to lose moisture when RH is
below 99 to 99.5%. Generally, water loss results in
visible wilting or wrinkling of the surface of most
commodities when it exceeds 4 to 6% of total
fresh weight (Kays 1997). Fortunately, most MAP
films are relatively impermeable to water. The

RH is very near saturation in most continuous or
perforated film packages. A saturated atmosphere
at 20 °C (68 °F) has only 2.1% H,0O, and most
external environments are at 30 to 60% RH,
yielding a water vapor gradient of about 1%.

The O, gradient can be several-fold higher.
Because of the small driving force and the rapid
rate of release of water vapor from the product,
perforations have a much greater effect on the O,
level than on RH. Fishman et al. (1996) calculated
that perforating a continuous film increased O,
flow 40-fold more than it increased H,O flow.
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Only four perforations were required to achieve
near-ambient O, levels, while 40 perforations only
reduced RH to 95%

Condensation on the inner surface of the film

is a common problem with MAP. A drop of

only 0.2 °C in the film temperature can result

in condensation in a package with an internal
RH of 99% at 10 °C. Cold-storage rooms have
temperature swings of several degrees, so
condensation is possible in almost any MAP.
Fortunately, there are film surface treatments that
result in droplet dispersion, so the condensing
water forms a thin, uniform layer that is virtually
invisible. Condensation could also be reduced in
MAPs for a few commodities, such as tomato,
that tolerate low humidity by including materials
in the package that reduce RH. Salts enclosed

in permeable sachets can reduce humidity in
MAPs of tomato fruit (Shirazi and Cameron
1992). The possibility of using films with very
high water permeability has been examined using
mathematical models (Cameron et al. 1995).
However, since the external humidity would

be critical in maintaining the proper package
RH, this approach would encounter difficulty in
maintaining a specific humidity level in shipping
and storage environments.

Temperature Management

Product temperature affects storability more than
any other factor. Precooling and temperature
maintenance during handling and shipping are
critical in preserving quality. Temperature also
significantly affects film permeability and thereby
the O, and CO, content of the package. The
elevated rate of respiration at high temperature
could be used to rapidly establish the desired
package atmosphere, but this would only be useful
in the few situations in which it would be more
important to rapidly establish the atmosphere than
to slow physiological processes—for example,

to reduce cut-surface browning. Cameron et al.
(1995) calculated that, at 25 °C (77 °F), a package
of blueberry fruit could attain a steady-state
atmosphere in less than 2 days, whereas it required
approximately 20 days at 0 °C (32 °F).



The temperature of the produce in the package is
managed by circulating cool air around the outside
of the package. The film and the headspace
atmosphere are barriers to heat movement, prevent
rapid cooling, and reduce the effectiveness of
refrigeration. A “safe radius” for the distance from
the center of the package to the circulated air can
be calculated based on the heat of respiration

and the rate at which heat can be removed by

the cooler air (Sharp et al. 1993). For instance,

the center of a package of broccoli must have a
radius of less than 14 cm to keep it within 1 °C of
the refrigerated air. Slower-respiring pear would
function as well with a larger package having an
effective radius of 50 cm.

Plant Responses to MAP

Some of the most important factors that affect
shelf-life of fresh horticultural products are
ripening and senescence, decay, and cut-surface
browning. The effect of MA on these factors has
been well characterized. The application of MA
to affect these limiting factors can be restricted
for some crops by adverse or nonbeneficial
physiological responses; for example, induction
of fermentation. Fresh product quality can be
maximized more effectively by good temperature
management than by atmosphere modification.

Ripening and Senescence

Low O, and elevated CO, can significantly reduce
the rates of ripening and senescence primarily

by reducing the synthesis and perception of
ethylene (Burg and Burg 1967, Abeles et al.
1992). Changes in respiration and starch, sugars,
chlorophyll, and cell wall constituents during
ripening and/or senescence can be reduced and,

in some cases, nearly arrested by eliminating
ethylene action through the use of low O,/high
CO, atmospheres.

Chlorophyll loss, a desirable trait for many
climacteric fruits, results in quality loss for many
vegetables. Chlorophyll degradation during the
senescence of green vegetables can be inhibited
by low O, and elevated CO,, a response that in

some cases is partly mediated by ethylene, as with
broccoli (Ku and Wills 1999).

While low O, and elevated CO, atmospheres are
commonly used to minimize ethylene-dependent
responses attendant to ripening in CA rooms,
this goal may not be fully compatible with MAP.
The problem with the incorporation of MAP for
ripening control is not one of efficacy, but rather
one of logistics. Modified atmospheres are most
effective at reducing ripening prior to the onset
of ripening, rather than at a later stage. However,
packaged products are usually intended for
immediate consumption and an unripe product
is not immediately edible or is of lesser quality
than the ripe product. Thus, the advantage of
improved shelf-life by retarding ripening runs
counter to the needs of the consumer when retail
MAP systems are used. Nevertheless, MAP can
reduce the rate of ripening of some commodities
such as tomato even during its later stages (Yang
and Chinnan 1988). More potential for using MAP
to control ripening may exist at the packinghouse
or distributor level, as in the case of overseas
shipment of apples (Watkins et al. 1998), rather
than at the retail level.

Decay

Decay control is a particularly important problem
for many crops. Levels of >10% CO, effectively
slow or stop the growth of numerous decay
organisms (Brown 1922). Low O, has a very
limited effect on decay organism activity or
survival at levels above the fermentation threshold
of most commaodities. While not all horticultural
commodities can withstand CO, levels sufficient
to inhibit fungal activity, a number of highly
perishable commodities are not adversely affected
(table 2). Notable among these are strawberry,
blueberry, blackberry, raspberry, and cherry,
which can be stored successfully under a CO,
atmosphere of 10 to 20%.

Packaging strategies to enhance CO, include
initial purging with high levels of CO,. This
strategy relies on continued respiration to replace
CO, lost from the package and is in commercial
use for many berry crops. The choice of film type
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markedly alters the CO, content of a package. In
particular, perforated and continuous films differ
in their discrimination between O, and CO,,.
Perforated films will generate a higher partial
pressure of CO, for a given concentration of O, in
the package. Perforated packages can accumulate
CO, to levels within the fungistatic range. For
example, a perforated package that generates 1%
O, could accumulate a 15% CO, atmosphere.

While high RH reduces water loss, it also
aggravates decay development. Strategies to
reduce humidity in packages using salt sachets for
the purpose of limiting decay have been explored
(Shirazi and Cameron 1992). A number of
effective chemical additives can be used at various
points during processing and packaging to reduce
decay.

Cut-Surface Browning

Mostly, low-O, MAP is used to reduce the
browning of cut surfaces on lightly processed
products such as lettuce and salad mixes.
Atmosphere modification is often used in
conjunction with processing aids to retard

brown color development. Smyth et al. (1998)
demonstrated that O, levels below 2% but above
the fermentation threshold of about 0.5% reduced
the rate of browning in lettuce. The partial
pressure of O, in commercial packages of lettuce
and salad products is often below the fermentation
threshold (Cameron et al. 1995, Peiser et al.
1997). However, the fermentation of lettuce, if not
severe, results in very few off flavors (Smyth et al.
1998).

Negative Responses

Respiration is reduced as O, becomes limiting, but
there is usually a limit to which O, can be reduced.
The lower O, limit is frequently considered to be
the level of O, that induces fermentation. This
fermentation threshold is not always the lower O,
limit in commercial practice, however, because
lower O, levels may confer benefits that outweigh
the loss in flavor or other quality parameters.
Ethanol, acetaldehyde, ethyl acetate, and lactate
are products of fermentation that can contribute to
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the development of off flavors as well as physical
injury (Kays 1997, Mattheis and Fellman 2000).

Production of compounds that contribute to

the characteristic aromas of many fruit, such as
apples, bananas, pears, peaches, and strawberries,
can be adversely affected by low O, and elevated
CO, (Song et al. 1998, Mattheis and Fellman
2000). Synthesis of aroma compounds are
generally suppressed by high CO, and low O,, in
part by their action on ethylene perception but also
via action of O, on oxidative processes, including
respiration required for substrate production. Most
products that suffered moderate suppression of
aroma volatile production due to low-O, storage
atmospheres will eventually develop characteristic
flavors. However, low-O, MAP may suppress
aroma production so consumers perceive reduced
quality upon opening the container.

Conclusion

A number of critical points need to be considered
in package design and application:

* Not all plant materials benefit from MAP.
Those that do may differ in their responses
to the atmospheres generated.

» Consideration should be given to the
factor most limiting to the delivery of a
product to the consumer, and the packaging
strategy should be developed accordingly.

* Reduction of water loss by packaging has
a marked influence on storability. Elevated
humidity prevents desiccation but can also
enhance decay.

* Temperature control is of critical
importance and, by itself, has a greater
impact than atmosphere modification for
most products. Temperature should be
near the storage/shipping temperature as
soon as possible after packaging except in
those cases for which a slightly elevated
temperature is needed to assist in rapid
atmosphere generation.

* Heat transmission from product through
the package, carton, and pallet stack needs
to be considered in the development of
handling procedures.



* If apackage is designed to produce low-O,
or high-CO, levels at low temperatures,
temperatures more than a few degrees
above the target temperature should be
avoided, or low-O, injury may result.

* Package modeling can improve
understanding of how package, plant, and
environmental factors interact and can be
useful in package design.
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Wholesale Distribution Center
Storage

James F. Thompson and Adel A. Kader

Thompson is formerly with the Biological and
Agricultural Engineering Department, University
of California, Davis, CA. He is now retired. Kader
was with the Department of Pomology, University
of California, Davis, CA. He is deceased.

Most produce is shipped from the point of
production to regional or local distributors, such
as terminal markets, independent wholesalers, or
chain store distribution centers. Produce orders
are assembled at these sites and then shipped to
retail stores, restaurants, or institutions such as
schools or hospitals. Produce and floral items
lose quality during these marketing steps, and the
amount of quality loss accumulates at each step.
The consumer will receive quality produce only
if each operation in the handling chain minimizes
abuse caused by mechanical damage, improper
temperature and RH, moisture loss, ethylene
damage, odor contamination, and excessive
storage time.

Large wholesale distribution facilities, whether
independently owned or integrated with a retail
chain, strive to receive only the amount of produce
that can be shipped the following day. A few fruits
such as mature green avocados, bananas, mangos,
and tomatoes are ripened before shipment to retail
stores and may be held in special ripening rooms
for several days.

Products should be received at their proper long-
term storage temperature and then stored at that
temperature. Fruits and vegetables can be divided
into three categories or groups according to

their optimum temperature requirements (table
1). The RH of the storage atmosphere should

be 85 to 95%; however, for vegetables stored at
low temperatures, it should be 90 to 98%. The
lowest temperature range of 0 to 2 °C (32 to 36
°F) should be used for the majority of the green,
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nonfruit vegetables and temperate fruits and
melons. If there is enough capacity in the facility,
the fruits should be stored separately from the
vegetables. This allows installing equipment to
maintain higher RH (90 to 98%) for the vegetables
as many of them are quite susceptible to water
loss and wilting. Table 2 shows cut flowers and
nursery items divided into the recommended three
categories or groups. If handled with produce, the
floral items in group 1 should be in the group 1A
vegetable room to minimize exposure to ethylene
produced by many fruits.
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Table 2. Compatible flowers, florist’s foliage, and nursery items during 7-day storage’

Group 1% Group 2 Group 3
0-2 °C; 85-95% RH 7-10 °C; 85-95% RH 13-18°C; 85-95% RH
Flowers  Acacia Gaillardia Protea Anemone African violet
Alstroemeria Gardenia Rannunculas  Bird of paradise Anthurium
Allium Gerbera Rose Camellia Ginger
Aster Gladiolus Snapdragon Eucharis Heliconia
Bouvardia Gypsophlia Snowdrop Gloriosa Orchid, cattleya, vandal
Buddleia Heather Squill Godetia Poinsettia
Calendula Hyacinth Statice Sweet-william Bulbs, corms, rhizomes,
Candytuft Iris Stephanotis tubers, & roots
Carnation Laceflower Stevia Nursery stock
Chrysanthemum Lilac Stock
Clarkia Lily Strawflower
Columbine Lily-of-the-valley Sweet pea
Coreopsis Lupine Tulip
Cornflower Marigolds Violet
Cosmos Mignonette Zinnia
Crocus Narcissus Cuttings &
scions
Dahlia Orchid,
cymbidium
Daisy, English,  Ornithogalum
Marguerite,
Shasta
Delphinium Poppy
Feverfew Peony
Forget-me-not  Phlox
Foxglove Primrose
Freesia
Florist’s  Adiantum Gallax Pittosporum Chamaedorea Dieffenbachia
foliage (maidenhair)
(greens) Asparagus Ground pine Rhododendron Cordyline Staghorn fern
(plumose)
Buxus Hedera Salal (lemon Palm
(boxwood) leaf)
Camellia Ilex (holly) Scotch-broom  Podocarpus
Cedar Juniper Smilax
Croton Leatherleaf Vaccinium
(huckleberry)
Dracaena Leucothoe Woodwardia
fern
Fern, dagger,
wood Magnolia
Eucalyptus Mistletoe

Mountain-laurel
Myrtus (myrtle)
Philodendron

*Can be stored with group 1A vegetables in a mixed produce storage.
" Ethylene should be kept below 1 pL L (1 ppm) in the storage area.
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The two warmer temperature ranges in tables 1
and 2 are for chilling-sensitive produce (groups

2 and 3). The highest-temperature room can also
be used to ripen fruit that only require a warm
environment to ripen. If refrigerated space is
limited, low-temperature fruits, vegetables, and
flowers can be mixed in a room; air-conditioned
space at 20 to 25 °C (68 to 77 °F) can be used for
highest-temperature products (group 3).

Many green vegetables and most floral products
are quite sensitive to ethylene damage. Ethylene
must be kept away from these products. Minimize
ethylene from nearby banana-ripening rooms by—

* using ethylene levels of 100 puL L in the
ripening rooms instead of the higher levels
often used in commercial operations,

* venting ripening rooms to the outside after
the exposure period is complete and before
rooms are opened,

* ventilating the area around ripening rooms
at least once a day or install an ethylene
scrubber, and

* using battery-powered forklifts instead
of internal combustion-driven units (for
example, propane-powered units).

Floral products are particularly sensitive to
ethylene. Some distribution facilities have found
that the previously described precautions are
inadequate in preventing damage to flowers. They
have chosen to handle flowers with dairy or meat
products, where ethylene is low, or they require
that all floral products be chemically treated to
resist ethylene damage.

Weak fiberboard containers are usually the cause
of mechanical damage to produce between
packing and retail display. If products arrive at the
distribution facility in crushed boxes, store buyers
must work with suppliers to use stronger boxes or
ensure that packed boxes are correctly stacked and
palletized.

The distribution center assembles pallets of mixed
products to be shipped to retail outlets. Products
can easily be damaged when boxes with different
footprints are stacked and heavy bags of product
are placed on weak boxes. Placing only strong

58

containers on the bottom layers of a pallet load
can minimize some of this damage. Plastic foam
and returnable plastic containers are often stronger
than typical fiberboard boxes and can reduce
mechanical damage.

Most distribution facilities have special ripening
rooms or areas reserved for fruit ripening.
Ripening rooms are used extensively for bananas
and may also be used to ripen avocados, kiwifruit,
mangoes, tomatoes, nectarines, peaches, plums,
and European pears. Pressurized or forced-air
ripening rooms allow better control of ripening
compared with older methods of space-stacking
boxes in a warm room. The new designs force
temperature-controlled air through the boxes to
maintain fairly uniform product temperature.
Ethylene gas (100 to 150 pL L) is added to the
atmosphere on a schedule appropriate for each
product, and CO, levels are kept below 1% by
ventilating the rooms with outside air. Ripening
is done with air temperature in the range of 15

to 25 °C (59 to 77 °F), and water vapor is added
to the air to keep RH above 85 to 95% in order
to reduce moisture loss. The ripening of some
products, like stone fruit and pears that were
treated with ethylene at the packing operation, can
be promoted by warming them to 13 to 18 °C (55
to 64 °F).
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Introduction

Fresh produce received at the grocery store is kept
in storage rooms and display areas (in cabinets
and cases or on racks and tables) for a few hours
to a few days before purchase by consumers or
removal by produce personnel. During this time,
the key factors in maintaining quality are careful
handling to minimize mechanical injuries, storage
and display within optimum ranges of temperature
and RH, and proper sanitation of storage and
display areas. Expedited handling and effective
rotation of the produce (first in, first out) is also
recommended.

Storage Room

The number and size of storage rooms depend
on store size and frequency of produce delivery
to the grocery store. If three rooms are available
for produce, they are best designated for short-
term storage of the three groups of fruits and
vegetables mentioned in the chapter Wholesale
Distribution Center Storage; that is, group 1 at 0
to 2°C (32t0 36 °F), group 2 at 7 to 10 °C (45
to 50 °F), and group 3 at 13 to 18 °C (55 to 64
°F). If only two rooms are available, one should
be used for group 1 at 0 to 2 °C (32 to 36 °F) and
the other for groups 2 and 3 (at a compromise
temperature range of 10 to 14 °C [50 to 57 °F]).
If only one room is available, it should be kept
at a compromise temperature of 5 °C (41 °F) and
used for groups 1 and 2, while group 3 should
be kept in an air-conditioned area. Cut flowers
and other ornamentals that are best kept at O to 2
°C (32 to 36 °F) can be combined with group 1

fruits and vegetables, because ethylene production
and action at this temperature range are minimal.
Ornamentals that are chilling-sensitive and
ethylene-sensitive should be handled in a separate
area from the ethylene-producing fruits of group 3
to avoid ethylene damage.

All produce items should be near their optimum
storage temperature when received at the grocery
store and should be unloaded and moved quickly
to their appropriate storage area. Keeping

cold commodities at warmer temperatures for
more than a few minutes can result in water
condensation on the commodity, which may
encourage the growth of decay-producing
pathogens. RH should be kept within the optimum
range of 85 to 95% for most commaodities to
minimize water loss. Good air circulation within
the storage room is essential to maintain proper
product temperature and RH. Thus, space for

air movement should be kept around stacks or
pallets of boxes and between them and the room
walls. Enough fresh, ethylene-free air should be
introduced into storage rooms to keep ethylene <1
uL L (<1 ppm), and preferably <0.1 pL L* (<0.1
ppm) if it can be done economically using fresh
air exchanges and/or ethylene scrubbing systems.

Display Fixtures

Most produce items in groups 1 and 2 should be
displayed in refrigerated display cases. Display
at store ambient air temperature is acceptable for
some commodities, including produce that does
not lose water quickly and has a long shelf-life
like apple, pear, kiwifruit, and orange. Produce
that is on sale (special promotion) or that will

be on display for a few hours (like grapes and
strawberries) can also be stored at ambient
temperatures.

Ideally, the display case temperature range should
match the recommended range for each group of
commodities: 0 to 2 °C (32 to 36 °F) for group

1, including all fresh-cut products, and 7 to 10

°C (45 to 50 °F) for group 2. Since display cases
usually do not have the refrigeration capacity to
cool the products, it is important to ensure that
the product is near its recommended temperature
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when it is placed in the display case. The produce
should not obstruct the discharge air and return air
outlets to maintain good cold air circulation within
the case. Also, produce should not be stacked

so densely that cold air circulation is blocked or
so high that it is out of the refrigerated zone and
becomes exposed to ambient air temperatures.

Refrigerated display cases have either a
horizontal or a vertical air flow system and either
single-tier or multi-tier display shelves. They
should be equipped with easy-to-read, accurate
thermometers, which should be calibrated and
monitored regularly. Performance of refrigerated
display cases is influenced primarily by their
refrigeration capacity, defrost options, and air
circulation system. Important secondary factors
include temperature, RH, and movement of
surrounding air and radiant heat from the lighting
sources.

A 1989 survey of temperatures of fresh-cut
salads kept in refrigerated display cases in a
representative sample of grocery stores indicated
an overall mean temperature of about 9 °C (48
°F), with more than 78% having temperatures
above about 7 °C (45 °F) and more than 17.5%
having temperature above about 13 °C (55 °F)

(R.W. Daniels, Audits International, personal
communication, 1989). A survey of temperatures
of fresh-cut vegetable products kept in refrigerated
display cases in some grocery stores indicates an
overall mean of about 5 °C (41 °F) with more than
40% of the products having temperature above
about 7 °C (45 °F) (Jeff Leshuk, Sensitech Inc.,
personal communication, 1989). This indicates
significant improvements in maintaining the

cold chain within the grocery stores, but more
improvements are needed to bring the temperature
range for fresh-cut products close to the
recommended 0 to 2 °C (32 to 36 °F).

Water-loss reduction can be achieved by
protecting produce from excessive air movement;
packaging in perforated polymeric films

(as moisture barriers); periodically adding
sanitized, clean water by misting (only useful for
commodities that tolerate wetting, such as those
listed in table 1); and/or displaying on crushed
ice (only useful for products that tolerate direct
contact with ice). If ice is used, proper drainage
of the melt water should be provided. It should
be remembered that ice is not an effective way to
keep the product cold unless it is well surrounded
by the ice.

Table 1. Produce that benefit from misting while displayed in refrigerated cases

Artichoke Corn, sweet Peppers
Asparagus™ Eggplant Radishes
Beans, snap Endive Rhubarb

Beets Kale Shallots, green
Broccoli Leeks Spinach
Brussels sprouts Lettuce Sprouts
Cabbage Mustard greens Squash, summer
Carrots Onions, green Swiss chard
Cauliflower Parsley Turnips
Celery Parsnips Watercress
Collards Peas

*Asparagus should be displayed vertically with cut ends on a wet absorbent pad.
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Non-refrigerated display tables or racks are used
for most group 3 fruits and vegetables, which
should be displayed separately. Some of the fruits
in groups 1 and 2, such as avocado, kiwifruit, and
pear, may be displayed on non-refrigerated display
tables or racks at ambient produce department
temperatures to enhance their ripening. Daylight-
simulating fluorescent bulbs can provide adequate
lighting in the produce department without giving
off heat.

During handling at the grocery store, all
precautions should be taken to minimize potential
chemical or microbial contamination to maintain
safety of produce. All display tables, cases,
cabinets, and other fixtures must be cleaned and
sanitized regularly. Unmarketable produce should
be collected separately from the other waste
products and used for composting.
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Chilling Injury

Many fruits, vegetables, and ornamentals of
tropical or subtropical origin are sensitive to low
temperatures (Paull 1990). These crops are injured
after a period of exposure to chilling temperatures
below 10 to 15 °C (50 to 59 °F) but above their
freezing points (Lyons 1973, Wang 1990). Certain
horticultural crops of temperate origin are also
susceptible to chilling injury (Bramlage and Meir
1990). Those temperate crops, in general, have
lower threshold temperatures of <5 °C (41 °F).
At these chilling temperatures, the tissues weaken
because they are unable to carry on normal
metabolic processes. Various physiological and
biochemical alterations and cellular dysfunctions
occur in chilling-sensitive species in response

to chilling stress (Wang 1982, Wang and Adams
1982, Raison and Orr 1990). When chilling stress
is prolonged, these alterations and dysfunctions
will lead to the development of a variety of
chilling injury symptoms such as surface lesions,
internal discoloration, water-soaking of the tissue,
and failure to ripen normally (Saltveit and Morris
1990). Often, products that are chilled will still
look sound when remaining in low temperatures.
However, symptoms of chilling injury become
evident shortly after they are moved to warmer
temperatures. Fruits and vegetables that have
been chilled may be particularly susceptible to
decay. Weak pathogens such as Alternaria spp.,
which do not grow readily on healthy tissues,

can attack tissues that have been weakened by
low-temperature exposure (McColloch and
Worthington 1952, McColloch 1962).
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Both temperature and duration of exposure are
involved in the development of chilling injury.
Damage may occur in a short time if temperatures
are considerably below the threshold level, but a
product may be able to withstand temperatures

a few degrees into the critical zone for a longer
time before injury becomes irreversible. Maturity
at harvest and degree of ripeness are important
factors in determining chilling sensitivity in some
fruits like avocados (Kosiyachinda and Young
1976), honeydew melons (Lipton 1978), and
tomatoes (McColloch et al. 1966). The effects of
chilling are cumulative in some commodities. Low
temperatures in transit, or even in the field shortly
before harvest, add to the total effects of chilling
that occur in cold storage.

Treatments shown to alleviate chilling injury
include intermittent warming; high- or low-
temperature preconditioning; CA storage;
pretreatments with ethylene, abscisic acid, methyl
jasmonate, and other natural compounds; calcium
or other chemical applications; hypobaric storage;
waxing; film packaging; and genetic manipulation
(Ryall and Lipton 1979, Wang 1993, 1994, Meir et
al. 1996).

Chilling injury is discussed more specifically
under each commaodity. Many of the commodities
susceptible to chilling injury are listed in table

1 with threshold temperatures and some of the
symptoms.



Table 1. Fresh produce susceptible to chilling injury when stored at low but
nonfreezing temperatures

Lowest Safe Temperature

Symptoms of injury when stored

Commodity °C °F between 0 °C and safe temperature*
Apples—certain
cultivars 2-31 36-38 Internal browning, brown core, soggy
breakdown, soft scald
Asparagus 0-2 32-36 Dull, gray-green, limp tips
Atemoya 4 39 Skin darkening, failure to ripen, pulp
discoloration
Avocados 45-13"  40-55 Grayish-brown discoloration of flesh
Bael 3 38 Brown spots on skin
Bananas 11.5-13" 53-56 Dull color when ripened
Bean (lima) 1-4.5 34-40 Rusty brown specks, spots or areas
Bean (snap) 7t 45 Pitting and russeting
Breadfruit 7-12 45-53 Abnormal ripening, dull brown
discoloration
Choyote 5-10 41-50 Dull brown discoloration, pitting, flesh
darkening
Cranberries 2 36 Rubbery texture, red flesh
Cucumbers 7 45 Pitting, water-soaked spots, decay
Eggplants 7 45 Surface scald, alternaria rot, blackening of
seeds
Ginger 7 45 Softening, tissue breakdown, decay
Guavas 4.5 40 Pulp injury, decay
Grapefruit 107 50 Scald, pitting, watery breakdown
Jicama 13-18  55-65 Surface decay, discoloration
Lemons 11-13"  52-55 Pitting, membranous staining, red blotch
Limes 7-9 45-48 Pitting, turning tan with time
Lychee 3 38 Skin browning
Mangos 10-13"  50-55 Grayish scald-like discoloration of skin,
uneven ripening
Mangosteen 4-8 39-47 Hardening and browning of the cortex
Melons
Cantaloupe 2-51 36-41 Pitting, surface decay
Honeydew 7-10 45-50 Reddish-tan discoloration, pitting, surface
decay, failure to ripen
Casaba 7-10 45-50 Pitting, surface decay, failure to ripen
Crenshaw and
Persian 7-10 45-50 Pitting, surface decay, failure to ripen
Okra 7 45 Discoloration, water-soaked areas, pitting,
decay
Olive, fresh 7 45 Internal browning
Oranges 3t 38 Pitting, brown stain
Papayas 7 45 Pitting, failure to ripen, off flavors, decay
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Table 1. Fresh produce susceptible to chilling injury when stored at low but

nonfreezing temperatures—Continued

Lowest Safe Temperature

Symptoms of injury when stored

Commodity °C °F between 0 °C and safe temperature*
Passion fruit 10 50 Dark red discoloration on skin, loss of
flavor, decay
Peppers, sweet 7 45 Sheet pitting, alternaria rot on pods and
calyxes, darkening of seeds
Pineapples 7-10" 45-50 Dull green when ripe, internal browning
Pomegranates 4.5 40 Pitting, external and internal browning
Potatoes 3t 38 Mahogany browning, sweetening
Pumpkins and
hardshell squash 10 50 Decay, especially alternaria rot
Rambutan 10 50 Darkening of exocarp
Sweet potatoes 13 55 Decay, pitting, internal discoloration,
hardcore when cooked
Tamarillos 3-4 37-40 Surface pitting, discoloration
Taro 10 50 Internal browning, decay
Tomatoes
Ripe 7-101 45-50 Water soaking and softening, decay
Mature-green 13 55 Poor color when ripe, alternaria rot
Water convolvulus 10 50 Darkening of leaves and stems
Watermelons 4.5 40 Pitting, objectionable flavor

*Symptoms often become apparent only after removal to warm temperatures, as in marketing.
'See individual commodity sections in this Handbook.
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Freezing Injury

The recommended storage temperatures for
commodities that are not susceptible to chilling
injury are as low as possible but slightly above
the freezing point. Freezing injury occurs

when ice crystals form in the tissues. Cultivars,
locations, and growing conditions may affect

the freezing point. To be on the safe side, the
highest temperature at which freezing of a
specific commodity may occur should be used as
a guide for recommending the optimum storage
temperature. More detailed discussion of freezing
points and factors affecting them can be found

in McColloch (1953), Whiteman (1957), and
Parsons and Day (1970,1971). The most common
symptom of freezing injury is a water-soaked
appearance. Tissues injured by freezing generally
lose rigidity and become mushy upon thawing.

The susceptibility of different fresh fruits and
vegetables to freezing injury varies widely. Some
commodities may be frozen and thawed a number
of times with little or no injury, whereas others are
permanently injured by even a slight freezing. All
fruits and vegetables can be categorized into three
groups based on their sensitivity to freezing: most
susceptible—those that are likely to be injured by
even one light freezing, moderately susceptible—
those that will recover from one or two light
freezing periods, and least susceptible—those that
can be lightly frozen several times without serious
damage. Table 2 shows the relative susceptibility
of a number of fruits and vegetables to freezing
injury.

Table 2. Susceptibility of fresh fruits and vegetables to freezing injury

Most susceptible Moderately susceptible Least susceptible
Apricots Apples Beets

Asparagus Broccoli Brussels sprouts
Avocados Carrots Cabbage, mature and savory
Bananas Cauliflower Dates

Beans, snap Celery Kale

Berries (except cranberries) Cranberries Kohlrabi
Cucumbers Grapefruit Parsnips
Eggplants Grapes Rutabagas
Lemons Onion (dry) Salsify

Lettuce Oranges Turnips

Limes Parsley

Okra Pears

Peaches Peas

Peppers, sweet Radishes

Plums Spinach

Potatoes Squash, winter

Squash, summer
Sweet potatoes
Tomatoes
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The freezing point of the commaodity is no
indication of the damage to be expected by
freezing. For example, both tomatoes and parsnips
have freezing points of -1.1 to -0.6 °C (30 to 31
°F), but parsnips can be frozen and thawed several
times without apparent injury, whereas tomatoes
are ruined after only one freezing. The severity

of freezing injury is influenced by a combination
of time and temperature. For example, apples

that would be injured little by exposure to
temperatures slightly below the freezing point

for a few days would be severely injured by just

a few hours of exposure to -7 to -10 °C (19 to

14 °F). The susceptibility to freezing injury is

not necessarily similar for the same type of fruit
or vegetable. For example, leafy lettuce is very
susceptible to freezing injury, whereas some other
leafy vegetables, such as kale and cabbage, can
withstand several light freezing periods without
serious injury.

When left undisturbed, most fruits and vegetables
can usually be cooled one to several degrees
below their freezing point before they actually
freeze. This cooling without freezing is known

as undercooling or supercooling. They may
remain undercooled for several hours, but

they will usually start to freeze immediately if
jarred or moved. If permitted to warm above

the freezing point, many commodities that have
been undercooled may escape having ice crystals
form in them. For example, potatoes, which are
very sensitive to freezing damage, showed no
freezing symptoms from having been undercooled
for a short time to -4 °C (25 °F), about 3 °C (5
°F) below their freezing point, when they were
carefully warmed after undercooling (Hruschka et
al. 1961).

Plant tissues are very sensitive to bruising while
frozen, and this sensitivity is another reason for
leaving commodities undisturbed until they have
warmed. Selecting a suitable thawing temperature
involves a compromise. Fast thawing damages
tissues, but very slow thawing such asat0to 1 °C
(32 to 34 °F) allows ice to remain in the tissues
too long and causes injury. Research on the rate
of thawing has suggested that thawing at 4 °C (39
°F) causes the least damage for most commodities
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(Lutz 1936). Even though a number of fruits and
vegetables are somewhat tolerant to freezing,
commodities recovered from freezing often have
shorter storage life and are more susceptible

to invasion by microorganisms. For example,
apples that recover from freezing are softer than
normal fruit, and carrots that have been frozen
are especially subject to decay. Therefore, it is
best to avoid subjecting fresh produce to freezing
temperatures in the first place.
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Introduction

All of the commaodities covered in this handbook
are alive and carry on processes characteristic of
all living things. One of the most important of
these is respiratory metabolism. The process of
respiration involves combining O, in the air with
organic molecules in the tissue (usually a sugar)
to form various intermediate compounds and
eventually CO, and water. Energy produced by
the series of reactions making up respiration can
be captured as high-energy bonds in compounds
used by the cell in subsequent reactions, or it can
be lost as heat. The energy and organic molecules
produced during respiration are used by other
metabolic processes to maintain the health of the
commaodity. Heat produced during respiration

is called “vital heat,” and it contributes to the
refrigeration load that must be considered in
designing storage rooms.

There is little the postharvest physiologist can do
to alter the internal factors affecting respiration
of harvested commaodities, because they are
largely a function of the commodity itself once
harvested. However, a major part of postharvest
technology is devoted to reducing respiration
and other metabolic reactions associated with
quality retention by manipulating the external
environment.

In general, the storage life of commodities varies
inversely with the rate of respiration. This is
because respiration supplies compounds that
determine the rate of metabolic processes directly
related to quality parameters such as firmness,
sugar content, aroma, and flavor. Commodities
and cultivars with higher rates of respiration

tend to have shorter storage life than those with
lower rates of respiration. Storage life of broccoli,
lettuce, peas, spinach, and sweet corn, all of which
have high respiration rates, is short in comparison
to that of apples, cranberries, limes, onions, and
potatoes, all of which have low respiration rates
(table 1).

Table 1. Respiration rates of various perishable commodities

Class Range at5°C  Commodities
mg CO, kg™ h*
Very Low <5 Nuts, dates
Low 5to0 10 Apple, citrus, grape, kiwifruit, onion, potato

Apricot, banana, cherry, peach, nectarine, pear, plum, fig,

cabbage, carrot, lettuce, pepper, tomato

Moderate 10 to 20
High 20 to 40

avocado
Very High 40 to 60

Extremely High >60

Strawberry, blackberry, raspberry, cauliflower, lima bean,

Artichoke, snap bean, Brussels sprouts, cut flowers
Asparagus, broccoli, mushroom, pea, spinach, sweet corn
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Factors Affecting Respiration

Respiration is affected by a wide range of
environmental factors that include light, chemical
stress (for example, fumigants), radiation stress,
water stress, growth regulators, and pathogen
attack. The most important postharvest factors
are temperature, atmospheric composition, and
physical stress.

Temperature. The most important factor
affecting postharvest life is temperature, because
temperature has a profound effect on the rates of
biological reactions; for example, metabolism
and respiration. Over the physiological range of
most crops, 0 to 30 °C (32 to 86 °F), increased
temperatures cause an exponential rise in
respiration. The Van’t Hoff Rule states that the
velocity of a biological reaction increases 2 to
3-fold for every 10 °C (18 °F) rise in temperature.

The temperature quotient for a 10 °C (18

°F) interval is called the Q. The Q,, can be
calculated by dividing the reaction rate at a
higher temperature by the rate at a 10 °C (18 °F)
lower temperature: Q,, = R./R,. The temperature
quotient is useful because it allows us to calculate
the respiration rates at one temperature from a
known rate at another temperature. However, the
respiration rate does not follow ideal behavior, and
the Q,, can vary considerably with temperature.
At higher temperatures, the Q. is usually smaller
than that at lower temperatures.

The following are typical values for Q, at various
temperature ranges:

Temperature Q.

0to10°C 2.5t04.0
10to 20 °C 20to 2.5
20t0 30 °C 1.5t02.0
30to 40 °C 10to 1.5

These typical Q,, values allow us to construct a
table showing the effect of different temperatures
on the rates of respiration or deterioration

and relative shelf-life of a typical perishable

commodity (table 2). This table shows that, if a
commodity has a mean shelf-life of 13 days at 20
°C (68 °F), it can be stored for as long as 100 days
at 0 °C (32 °F) but will last no more than 4 days at
40 °C (104 °F).

Table 2. Effect of temperature on rate of
deterioration

Temperature Assumed Relative Relative
Q. velocity of  shelf-life
deterioration

°C

0 — 1.0 100
10 3.0 3.0 33
20 2.5 7.5 13
30 2.0 15.0 7
40 1.5 22.5 4

Chilling stress. Although respiration is normally
reduced at low but nonfreezing temperatures,
certain commodities, chiefly those originating

in the tropics and subtropics, exhibit abnormal
respiration when their temperature falls below
10to 12 °C (50 to 54 °F). Typically, the Q.

is much higher at those low temperatures for
chilling-sensitive crops than it would be for
chilling-tolerant ones. Respiration may increase
dramatically at the chilling temperatures or
when the commodity is returned to nonchilling
temperatures. This enhanced respiration
presumably reflects the cells’ efforts to detoxify
metabolic intermediates that accumulated during
chilling, as well as to repair damage to membranes
and other subcellular structures. Enhanced
respiration is only one of many symptoms that
signal the onset of chilling injury.

Heat stress. As the temperature rises beyond

the physiological range, the rate of increase in
respiration falls. It becomes negative as the tissue
nears its thermal death point, when metabolism

is disorderly and enzyme proteins are denatured.
Many tissues can tolerate high temperatures for
short periods of time (for example, minutes),

and this property is used to advantage in killing
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surface fungi on some fruits. Continued exposure
to high temperature results in phytotoxic
symptoms and then complete tissue collapse.
However, conditioning and heat shocks—

that is, short exposure to potentially injurious
temperatures—can modify the tissue’s responses
to subsequent harmful stresses.

Atmospheric composition. Adequate O, levels
are required to maintain aerobic respiration. The
exact level of O, that reduces respiration while
still permitting aerobic respiration varies among
commodities. In most crops, O, levels at around
2% to 3% produce a beneficial reduction in the
rate of respiration and other metabolic reactions.
Levels as low as 1% improve the storage life of
some crops—for example, apples—but only when
the storage temperature is optimal. At higher
storage temperatures, the demand for adenosine
triphosphate (ATP) may outstrip the supply and
promote anaerobic respiration (see chapters
“Controlled Atmosphere Storage” and “Modified
Atmosphere Packaging”). The need for adequate
O, should be considered in selecting the various
postharvest handling procedures, such as waxing
and other surface coatings, film wrapping, and
packaging. Unintentional modification of the
atmosphere, by packaging for example, can result
in production of undesirable fermentative products
and development of foul odors.

Increasing the CO, level around some
commaodities reduces respiration, delays
senescence, and retards fungal growth. In low
O, environments, however, increased CO, levels
can promote fermentative metabolism. Some
commodities tolerate brief storage in a pure N,
atmosphere (for example, a few days at low
temperatures) or in very high concentrations of
CO,. The biochemical basis for this ability to
withstand these atmospheres is unknown.

Physical stress. Even mild physical stress can
perturb respiration, while physical abuse can
cause a substantial rise in respiration that is often
associated with increased ethylene evolution. The
signal produced by physical stress migrates from
the site of injury and induces a wide range of
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physiological changes in adjacent, non-wounded
tissue. Some of the more important changes
include enhanced respiration, ethylene production,
phenolic metabolism, and wound healing.
Wound-induced respiration is often transitory,
lasting a few hours or days. However, in some
tissues, wounding stimulates developmental
changes, such as promotion of ripening, that
result in a prolonged increase in respiration.
Ethylene stimulates respiration and stress-induced
ethylene may have many physiological effects on
commodities besides stimulating respiration.

Stage of development. Respiration rates vary
among and within commaodities. Storage organs
such as nuts and tubers have low respiration

rates. Tissues with vegetative or floral meristems
such as asparagus and broccoli have very high
respiration rates. As plant organs mature, their rate
of respiration typically declines. This means that
commodities harvested during active growth, such
as many vegetables and immature fruits, have high
respiration rates. Mature fruits, dormant buds, and
storage organs have relatively low rates.

After harvest, the respiration rate typically
declines—slowly in nonclimacteric fruits and
storage organs and rapidly in vegetative tissues
and immature fruits. The rapid decline presumably
reflects depletion of respirable substrates, which
are typically low in such tissues. An important
exception to the general decline in respiration
following harvest is the rapid and sometimes
dramatic rise in respiration during the ripening of
climacteric fruit (figure 1). This rise, which has
been the subject of intense study for many years,
normally consists of four distinct phases: (1)
preclimacteric minimum, (2) climacteric rise, (3)
climacteric peak, and (4) postclimacteric decline.



Figure 1. The climacteric pattern of respiration in ripening
fruit.

The division of fruits into climacteric and
nonclimacteric types has been very useful for
postharvest physiologists. However, some fruits,
kiwifruit and cucumber for example, appear

to blur the distinction between the groups.
Respiratory rises also occur during stress and
other developmental stages, but a true climacteric
only occurs coincident with fruit ripening. The
following is a general classification of fruits
according to their respiratory behavior during
ripening:

Climacteric Fruits Nonclimacteric Fruits

Apple Papaya Blueberry
Apricot Passion fruit Cacao
Avocado Peach Caju
Banana Pear Cherry
Biriba Persimmon  Cucumber
Breadfruit  Plum Grape
Cherimoya Sapote Grapefruit
Feijoa Soursop Lemon
Fig Tomato Lime
Guava Watermelon  Olive
Jackfruit Orange
Kiwifruit Pepper
Mango Pineapple
Muskmelon Strawberry
Nectarine Tamarillo

Significance of Respiration

Shelf-life and respiration rate. In general, there
is an inverse relationship between respiration rates
and postharvest life of fresh commodities. The
higher the respiration rate, the more perishable
the commodity usually is; that is, the shorter
postharvest life it has. Respiration plays a major
role in the postharvest life of fresh commodities
because it reflects the metabolic activity of the
tissue that also includes the loss of substrate, the
synthesis of new compounds, and the release

of heat energy. See the section “Summary of
Respiration and Ethylene Production Rates” in the
Introduction of this Handbook.

Loss of substrate. Use of various substrates in
respiration can result in loss of food reserves in
the tissue and loss of taste quality (especially
sweetness) and food value to the consumer.

For certain commodities that are stored for
extended periods of time, such as onions used for
dehydrated product, the loss of dry weight due

to respiration can be significant. When a hexose
sugar (for example, glucose) is the substrate, 180
g of sugar is lost for each 264 g of CO, produced
by the commodity. The rate of dry weight loss can
be estimated as follows:

Dry weight loss (g kgt h?') =
Respiration (mg CO, kg* h*) x 0.068

or

% dry weight loss (g 100 g* h?) =
Respiration (mg CO, kg* h'') x 68 x 10

For example, onions held at 30 °C (86 °F)

will respire at about 35 mg CO, kg™* h™*. The
percentage dry weight loss per hour would be

35 x 0.68/10,000 = 0.0024%, while the percentage
dry weight loss per month would be 0.0024 x 24 x
30 =1.73%.

Synthesis of new compounds. Postharvest
storage can be used either to prevent any
reduction in quality or to promote changes that
increase quality. The quality of most vegetables
(for example, cucumbers and lettuce) and
nonclimacteric fruit (for example, strawberries)
is maximal at harvest, and storage conditions are
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optimized to prevent quality loss. In contrast,
many flowers (for example, carnations and
roses), nonclimacteric fruit (for example,

lemons and oranges), and climacteric fruit (for
example, bananas and tomatoes) are harvested
before they reach their best quality, and storage
conditions are optimized to permit development
of optimum quality. In the first case, the synthesis
of new compounds is unnecessary because they
lead to reduced quality (for example, enzymes
that destroy chlorophyll in lettuce or promote
lignification in asparagus). In the second case,
synthesis of pigments and volatiles (for example,
lycopene in tomatoes and amy! esters in banana),
loss of chlorophyll (for example, chlorophyll-
degrading enzymes in banana and lemons), and
the conversion of starch to sugar (for example,
sweetening of apples and bananas) is necessary for
development of maximum quality. These synthetic
reactions require energy and organic molecules
derived from respiration.

Release of heat energy. The heat produced by
respiration (vital heat), about 673 kcal for each
mole of sugar (180 g) used, can be a major factor
in establishing the refrigeration requirements
during transport and storage. Vital heat must

be considered in selecting proper methods

for cooling, package design, and stacking of
packages, as well as selection of refrigerated
storage facilities (that is, refrigeration capacity,
air circulation, and ventilation). The approximate
rates of heat production by various crops at
different storage temperatures can be calculated
from the respiration rates for many fruits and
vegetables given in section “Summary of
Respiration and Ethylene Production Rates” in the
Introduction of this Handbook.

Calculation of heat production from the respiration
equation shows that production of 1 mg of CO,
yields 2.55 cal. In the language of the refrigeration
engineer, a respiration rate of 1 mg CO, kg™ h™*
indicates heat production of 61.2 kcal tonne* day*
(220 BTU ton day). The British thermal unit
(BTU) is the heat required to raise 1 Ib of water by
1°F
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Some commaodities have high respiration rates
and require considerably more refrigeration than
more slowly respiring produce to keep them at a
specified temperature. For example, asparagus,
broccoli, mushrooms, and peas respire about 10
times faster than apples, cabbage, lemons, and
tomatoes.

Meaning of the respiratory quotient (RQ).

The composition of a commodity frequently
determines which substrates are used in respiration
and consequently the value of the respiratory
quotient (RQ). RQ is defined as the ratio of CO,
produced to O, consumed; CO, and O, can be
measured in moles or volumes. Depending on

the substrate being oxidized, RQ values for fresh
commodities range from 0.7 to 1.3 for aerobic
respiration. When carbohydrates are being
aerobically respired, RQ is near 1, while it is <1
for lipids and >1 for organic acids. Very high RQ
values usually indicate anaerobic respiration in
those tissues that produce ethanol. In such tissues,
a rapid change in RQ can be used as an indication
of the shift from aerobic to anaerobic respiration.

Measuring the Rate of Respiration

The rate of any reaction can be determined

by measuring the rate at which the substrates
disappear or the products appear. Apart from the
water produced by respiration, which is relatively
trivial compared with the very high water content
of most harvested commodities, all the substrates
and products of respiration have been used to
determine the rate of respiration. They are loss

of substrate (for example, glucose) loss of O,
increase in CO,, and production of heat. The most
commonly used method is to measure production
of CO, with either a static or a dynamic system.

In a static system, the commodity is enclosed in an
airtight container and gas samples are taken after
sufficient CO, has accumulated to be accurately
detected by any one of a number of commercially
available instruments (for example, gas
chromatograph and infrared CO, analyzer). If the
container is properly sealed, CO, should increase
linearly with time. Multiplying the change in



concentration times the container volume and
dividing by weight of the commodity and duration

of time between samples gives the production rate.

In the dynamic system a flow of air (or other
gas mixture) is passed through the container

at a known rate. The system will come into
equilibrium (>99.3%) in about the same time it
takes for 5 times the volume to flow through the
container. The difference in CO, concentration
between the inlet and outlet is measured after
the system has reached equilibrium by taking
gas samples at both points and analyzing them.
Multiplying the difference in concentration by
the flow rate and dividing by the weight of the
commodity calculates the production rate.

Biochemistry of Respiration

Respiration is the oxidative breakdown of
complex substrate molecules normally present in
plant cells, such as starches, sugars, and organic
acids, to simpler molecules such as CO, and H,O.
Concomitant with this catabolic reaction is the
production of energy and intermediate molecules
that are required to sustain the myriad of
metabolic reactions essential for the maintenance
of cellular organization and membrane integrity
of living cells. Since respiration rate is so tightly
coupled to the rate of metabolism, measurements
of respiration provide an easy, nondestructive
means of monitoring the metabolic and
physiological state of tissues. For example, events
of senescence and ripening are often signaled by
abrupt changes in respiration.

Maintaining a supply of high-energy compounds
like adenosine triphosphate (ATP), nicotinamide
adenine dinucleotide (NADH), and pyrophosphate
(PPi) is a primary function of respiration. The
overall process of aerobic respiration involves
regeneration of ATP from ADP (adenosine
diphosphate) and P, (inorganic phosphate) with
release of CO, and H,O. If glucose is used as
substrate, the overall equation for respiration can
be written as follows:

CH, O

6 1276

+6 0, — 6 CO, + 6 H,0 + 686 kcal mole*

The components of this reaction have various
sources and destinations. The one mole of glucose
(180 g) can come from stored simple sugars like
glucose and sucrose or complex polysaccharides
like starch. Fats and proteins can also provide
substrates for respiration, but their derivatives
(fatty acids, glycerol, and amino acids) enter at
later stages in the overall process and as smaller,
partially metabolized molecules. The 192 g of

0O, (6 moles x 32 g mol™) used to oxidize the

1 mole of glucose diffuses into the tissue from

the surrounding atmosphere, while the 6 moles

of CO, (264 g) diffuses out of the tissue. The 6
moles of H,O (108 g) that are produced are simply
incorporated into the aqueous solution of the cell.

There are three fates for the energy (686 kcal mol?)
released by aerobic respiration. Around 13 kcal is
lost due to the increase in entropy (disorder) when
the complex glucose molecule is broken down

into simpler molecules. Of the remaining 673 kcal
that are capable of doing work, around 281 kcal
(about 41% of the total energy) is used to produce
38 ATP molecules (38 ATP x 7.4 kcal ATPY).

The remaining 392 kcal (57%) is lost as heat. In
actuality, most energy is lost as heat since energy is
lost to heat every time energy is transferred during
a metabolic reaction.

Aerobic respiration involves a series of three
complex reactions, each of which is catalyzed by

a number of specific enzymes that perform one of
the following actions: add an energy-containing
phosphate group to the substrate molecule,
rearrange the molecule, and break down the
molecule to a simpler one. The three interconnected
metabolic pathways are glycolysis, tricarboxylic
acid (TCA) cycle, and electron transport system.

Glycolysis, the breakdown, or lysing, of glucose,
occurs in the cytoplasm of the cell. It involves the
production of two molecules of pyruvate from
each molecule of glucose. Each of the 10 distinct,
sequential reactions in glycolysis is catalyzed by
one enzyme. Two key enzymes in glycolysis are
phosphofructokinase (PFK) and pyruvate kinase
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(PK). Cells can control their rate of energy
production by altering the rate of glycolysis,
primarily through controlling PFK and PK
activity. One of the products of respiration, ATP,
is used as a negative feedback inhibitor to control
the activity of PFK. Glycolysis produces two
molecules of ATP and two molecules of NADH
from the breakdown of each molecule of glucose.

Tricarboxylic acid (TCA) cycle, which occurs in
the mitochondrial matrix, involves the breakdown
of pyruvate into CO, in nine sequential, enzymatic
reactions. Pyruvate is decarboxylated (removal of
CO,) to form acetate, which condenses with a co-
enzyme to form acetyl CoA. This compound then
enters the cycle by condensation with oxaloacetate
to form citric acid. Citric acid has three

carboxyl groups from which the cycle derives

its name. Through a series of seven successive
rearrangements, oxidations, and decarboxylations,
citric acid is converted back into oxaloacetate

that is then ready to accept another acetyl CoA
molecule. In addition to producing the many small
molecules that are used in the synthetic reactions
of the cell, the TCA cycle also produces one
molecule of flavin adenine dinucleotide (FADH,)
and four molecules of NADH for each molecule
of pyruvate metabolized.

Electron transport system, which occurs on
membranes in the mitochondria, involves

the production of ATP from the high-energy
intermediates FADH, and NADH. The energy
contained in a molecule of NADH or FADH, is
more than is needed for most cellular processes.
In a series of reactions, one NADH molecule
produces three ATP molecules, while one FADH
molecule produces two ATP molecules. The
production of ATP depends not only on the energy
contained in NADH and FADH, but also on the
chemical environment (pH and ion concentrations)
within the cell and mitochondria.

In the absence of O,, NADH and FADH,
accumulate in the reduced form. As the oxidized
forms (NAD* and FAD) are consumed, the TCA
cycle comes to a halt and glycolysis becomes
the sole source of ATP production. Regeneration
of NAD" is absolutely essential for the survival
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of the anaerobic cell and takes place during the
reductive decarboxylation of pyruvate to ethanol
in fermentative metabolism.

Fermentation, or anaerobic respiration, involves
the conversion of hexose sugars into alcohol and
CO, in the absence of O,. Pyruvate produced
through glycolysis via a series of reactions that
do not require O, can be converted to lactic acid,
malic acid, acetyl CoA, or acetaldehyde. The
pathway chosen depends on cellular pH, prior
stresses, and the current metabolic needs of the
cell. Acidification of the cytoplasm enhances the
activity of pyruvic decarboxylase that then shunts
pyruvate to form CO, and acetaldehyde. The
acetaldehyde is converted by the enzyme alcohol
dehydrogenase to ethanol with the regeneration
of NAD*. Two molecules of ATP and 21 kcal of
heat energy are produced in anaerobic respiration
(alcoholic fermentation) from each molecule of
glucose. To maintain the supply of ATP at the
aerobic rate, 19 times as many glucose molecules
would be needed, and glycolysis would increase
19-fold. However, since only two molecules of
CO, are produced during glycolysis, instead of
six during aerobic respiration, the rate of CO,
production would not increase by 19-fold but only
by 6.3-fold (that is, 19 + 3). Concomitantly, there
would be substantial accumulation of ethanol
and smaller amounts of acetaldehyde. However,
glycolysis usually increases only 3- to 6-fold.

The O, concentration at which a shift from
predominantly aerobic to predominantly anaerobic
respiration occurs varies among tissues and is
known as the extinction point, the anaerobic
compensation point, and the fermentative
threshold. Since O, concentration at any point in a
fruit or vegetable varies with rates of gas diffusion
and respiration, some parts of the commodity may
become anaerobic while others remain aerobic.
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Introduction

Ethylene (C,H,) is a simple, naturally occurring
organic molecule that is a colorless gas at
biological temperatures. The following is a list of
biological attributes of ethylene:
* Itis a colorless gas at biological
temperatures.

* It is a naturally occurring organic compound.

* |t readily diffuses from tissue.

* It is produced from methionine via
aminocyclopropane carboxylate (ACC) by a
highly regulated metabolic pathway.

* Key enzymes are ACC synthase and ACC
oxidase.

* C,H, synthesis is inhibited by C_H, in
vegetative and immature reproductive tissue.

* C,H, synthesis is promoted (autocatalytic)
by C,H, in mature reproductive climacteric
tissue.

* |t is effective at ppm and ppb concentrations
(1 ppm =6.5x 10° M at 25 °C).

* It requires O, to be synthesized, and O, and
low levels of CO, to be active.

Many biotic and abiotic sources contribute

to the presence of C_H, in the postharvest
environment. Ripening and diseased plant tissues
are a significant source of C,H,, as are industrial
sources, the most prominent ones being internal

combustion engines and fires.

Ethylene is biologically active at very low
concentrations measured in the ppm and ppb
range. Most plants synthesize small amounts

of C,H, that appear to coordinate growth and
development. Because it is a gas, C,H, readily
diffuses from sites of production, and continuous
synthesis is needed to maintain biologically active
levels in the tissues. Barriers to diffusive loss
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include not only the commodity’s epidermis but
also postharvest coatings and packaging. Under
biotic or abiotic stress or during climacteric
ripening, C_H, production can increase
dramatically, and emanations from stimulated
tissue can accumulate in packages or storerooms
and produce unwanted effects in adjacent tissue.
Other molecules with specific configurations can
mimic CH, but are less effective. For example,
C,H, analogs propylene (C,H,) and acetylene
(C,H,) require 100- and 2,700-fold, respectively,
the concentration of CH, to elicit the same effect.

Plants produce C,H, through an actively

regulated biosynthetic pathway in which the
amino acid methionine is converted to ACC
(1-aminocyclopropane-1-carboxylic acid) and
then to C,H, through a series of biochemical
reactions. O, is required for the synthesis of C.H,
and both O, and CO, are required for its biological
activity. Each reaction in the synthesis and action
of C,H, involves a biological catalyst, an enzyme
that focuses the reaction into producing the next
specific chemical for that pathway. Enzyme
activity is regulated either through its synthesis
and/or destruction, or by interactions with
substrates and products. These interactions can
create a positive or a negative feedback of C,H, on
its synthesis (figure 1).
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Figure 1. Effect of adding and removing ethylene from the
atmosphere surrounding tissues that respond with a positive
(ethylene promotes its own synthesis) or negative (ethylene
inhibits its own synthesis) feedback. Modified from Saltveit
(1999).



In vegetative tissue and in nonclimacteric and
immature climacteric fruit tissue, C,H, suppresses
its own synthesis, and in ripening climacteric fruit
C,H, enhances its own synthesis. This positive
feedback of C,H, on C,H, synthesis is called
autocatalytic C,H, production. Plants respond to
C,H, ina number of ways.

Ethylene stimulates the following:

* Synthesis of C,H, in ripening climacteric
fruit

* Ripening of climacteric fruit and some
nonclimacteric fruit

* Anthocyanin synthesis in ripening fruit

* Chlorophyll destruction and yellowing (for
example, degreening of citrus)

* Seed germination

* Adventitious root formation

* Respiration and phenylpropanoid
metabolism

* Flower initiation in bromeliads (for example,
pineapple)

* Abscission and senescence

Ethylene inhibits the following:
* Ethylene synthesis in vegetative tissue and
nonclimacteric fruit
* Flowering and flower development in most
plants
* Auxin transport
* Shoot and root elongation; that is, growth

Depending on a number of variables, C,H,
has both beneficial and deleterious effects on
harvested fruits, vegetables, and ornamentals.

Beneficial effects:
* Promotes color development in fruit
* Stimulates ripening of climacteric fruit
* Promotes degreening of citrus
* Stimulates dehiscence in nuts
* Alters sex expression (Cucurbitaceae)
* Promotes flowering (for example, in
pineapple)
* Reduces lodging of cereals

Detrimental effects:

* Accelerates senescence

* Enhances excessive softening of fruits

* Stimulates chlorophyll loss (for example,
yellowing)

* Stimulates sprouting of potato

* Promotes discoloration (for example,
browning)

* Promotes abscission of leaves and flowers

* Stimulates phenylpropanoid metabolism

Often an C,H,-induced change in one commodity
is viewed as beneficial, while the same change

in another commodity is viewed as detrimental.
For example, C,H, is used to promote ripening

of bananas, melons, and tomatoes; degreening

of oranges; and synthesis of pigments in apples.
Yet the same changes are unwanted when C,H,
promotes over-ripening of fruit, yellowing of
broccoli, development of brown russet spot lesions
in lettuce, and senescence of flowers. Because of
these diverse and often opposite effects of C H,,
controlling its action in plants is of great economic
importance to producers, wholesalers, retailers,
and consumers of fresh fruits, vegetables, and
ornamentals.

In most vegetative tissues, C,H, is only produced
in biologically active amounts during early stages
of development or in response to biotic or abiotic
stress. Mutant plants that do not respond to C,H,
often grow normally, with only a few insignificant
alterations in development. Most of the effects

of C,H, on vegetative tissue are therefore the
result of the tissue’s response to a stress or to the
intentional or unintentional exposure of tissue to
active levels of C H,.

In contrast to its effects on vegetative tissue,
biologically produced CH, plays a crucial role
in the development of reproductive tissues and in
the ripening of certain climacteric fruit. The rates
of C,H, production and its internal concentration
often vary by orders of magnitude during early
stages of development and during the initiation
and development of reproductive structures.
Increased rates of C_H, production are especially
pronounced during the ripening of climacteric
fruit such as apples, avocados, bananas,
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melons, pears, and tomatoes. In these fruit, the
autocatalytic production of C,H, heralds the

onset of ripening and is required for many of the
reactions associated with ripening to continue. See
section “Summary of Respiration and Ethylene
Production Rates” in the Introduction of this
handbook.

Once internal C,H, exceeds a level characteristic
for the species, tissue, and developmental stage,
the further production of C,H, is stimulated by
presence of previously produced C_H,. In this way,
autocatalytic positive feedback can increase rates
of C,H, production and internal concentration

of C,H, by 1,000-fold during ripening. External
application of C,H, can promote the ripening

of climacteric fruit—for example, avocado,
banana, honeydew, and tomato—and beneficial
quality changes in nonclimacteric fruit; for
example, degreening of lemon and orange.

Once autocatalytic C,H, production has started
in climacteric fruit, lowering its external
concentration has an insignificant effect on its
internal levels, rates of production, or action.

Ethylene is an important plant growth regulator
that has pronounced effects on many aspects

of plant growth and development. Regulating
its effectiveness is commercially important for
many crops. Controlling its effectiveness can
mean either increasing its beneficial effects or
decreasing its detrimental effects. There are a
number of ways to accomplish either objective.

Reducing Effectiveness of Ethylene

Use C,H,-tolerant cultivars

Keep atmosphere free of C H,

Maintain at coldest possible temperature
Store under CA or MA or in MAP
Minimize time between exposure and use

Increasing Effectiveness of Ethylene

Use C,H,-sensitive cultivars

Keep an active level of C,H, in the air
Maintain at optimum temperature

Store under adequate levels of O, and CO,
Allow sufficient time for plant response
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Ethylene Interactions in Plants

There are some significant interactions between
the plant and its environment that are important in
understanding how to control biological activity of
C,H, in plants (figure 2).

| EXTERNAL | |¢——— Ripening or diseased

v v fruit, exhaust,
INTERNAL
ETHYLENE \q

pollution, etc.

Inhibitors of

% <—| ethylene action,
e.g., CO2, Ag, 1-MCP

/ T \’ Physiological
response to

Abiotic,

Biotic Stress

Ethylene
Biosynthesis

ethylene

Figure 2. Interactions among a plant and ethylene in its
environment (Saltveit 1999).

Ethylene in the atmosphere can have a direct
effect on plant tissue by raising the internal
concentration to an active level. Sources of
atmospheric C,H, include exhaust from trucks
and forklifts, pollution from industrial activity
and from the burning of fuels, and biosynthesis
by diseased plants or ripening fruit. In some
cases, C,H,, whether applied as a gas or as an
C,H,-releasing compound such as ethephon, is
intentionally added to the plant’s environment

to stimulate desirable changes. The changes can
include promotion of flowering in pineapple;
ripening of avocado, banana, melon, and tomato
fruit; degreening of citrus; altering sex expression
in cucurbits; defoliation; and promotion of latex
secretion by rubber trees.

The activity of C_H, inside plants is regulated

not only by the absolute level of C,H, but also by
the responsiveness of tissues and the presence of
CO,, the natural antagonist of C_H, action. The
response of plants to C_H,, therefore, depends on
a number of factors, only one of which is the rate
of C,H, production by the plant. Tissue sensitivity
depends on species, cultivar, cultural practices,
and stage of development.



Prior and current stresses have a significant effect
on modulating the effect of C,H,. For example,
wounding stimulates C,H, production, as well

as a host of plant defense responses such as
increased phenylpropanoid metabolism. Some of
these responses involve C H,, while others do not.
Increased phenolic metabolism greatly increases
the susceptibility of some crops like lettuce to
develop browning—for example, russet spotting—
when exposed to C,H, and/or mechanical injury.

The effect of tissue susceptibility is most clearly
seen in fruit tissue. Immature climacteric fruit
respond to C,H, with increased respiration and
reduced C,H, production. Once the tissue has
reached a certain stage of maturity, however, C H,
not only promotes increased respiration but also
increased CH, synthesis.

Controlling the effectiveness of C,H, does not
always involve a reduction in its activity. There
are many beneficial effects of C,H, that can be
enhanced (see above). The techniques used to
increase the effectiveness of C,H, are almost the
mirror image of techniques used to reduce its
effectiveness.

Ethylene action can be enhanced by using
cultivars that are sensitive and respond uniformly
to CH, rather than cultivars that are C,H,
insensitive. An effective concentration of C H,
should be maintained around the tissue for a
sufficient time to elicit the full response. However,
since the response to CH, is log-linear (a log
increase in C,H, concentration results in a linear
increase in the response), there is an extremely
large range over which the concentrations are
effective. The application of C,H, must be at

the proper stage of development and at the
proper temperature for the desired effects to be
induced. Ethephon and similar C_H,-releasing
chemicals permit the commercial application of
C,H, in the field. After harvest, C,H, gas, either
from compressed gas cylinders or catalytically
generated from alcohol, can be used in enclosed
storage rooms.

Controlling Ethylene Action

There are roughly three ways to control the action
of C,H, in plants. The first is to prevent the plant
from being exposed to biologically active levels
of C,H,. The second is to prevent the plant tissue
from perceiving the C_H, that is in its surrounding
atmosphere or that is being produced by the tissue.
The third is to prevent the plant from responding
to the perceived C,H, by controlling exposure to
CH,

Preventing Exposure to Ethylene

The following should be done to prevent exposure
toCH,:
* Keep the air around the commodity C,H,
free.
* Use fresh, C,H,-free air from outside.
* Scrub CH, from the storage atmosphere.
* Use sachets of C_H, absorbers inside
packages to reduce levels.
* Segregate C,H,-producing commodities
from C,H,-sensitive ones.
» Keep exposure to a minimum (in terms of
both duration and level).
* Inhibit C_H, synthesis (AVG, ACC synthase,
low O,, ACC oxidase).

Risk of exposure to C,H, is usually not much of
a problem in the field because the levels of C,H,
found even in polluted air rarely reach biologically
active levels. However, in greenhouses, cold-
storage rooms, and transportation vehicles, C.H,
can frequently accumulate to reach biologically
active levels. Ethylene found in these enclosed
spaces comes from varied sources, and the two
most prominent sources are diseased, stressed,
or ripening plant tissue and the incomplete
combustion of organic fuels.

With proper ventilation of enclosed spaces and
with persistent attention to the condition of
adjacent plants and the operation of heaters and
gas-powered forklifts, C,H, can be kept below
biologically active levels. Sometimes the C,H,
that we are concerned with comes from the

79



plant itself. Application of inhibitors of CH,
biosynthesis, such as AVG and AOA, to the tissue
before or after harvest can significantly reduce
this source of C,H, exposure. For example, tissue
can be prevented from making either stress or
autocatalytic C,H, by blocking the biosynthetic
pathway for C,H, synthesis. If exposure cannot be
prevented or has already occurred, then both the
duration of exposure and the level of C_H, in the
atmosphere should be kept as low as possible.

Preventing Perception of Ethylene

If significant amounts of C,H, are in the
immediate environment, certain methods can be
used to block the perception of C,H, by the plant.
Here are some possible methods:

* Store at the coldest possible temperature.

» Use inhibitor of C_H, perception: CO,,
silver (for example, silver thiosulfate), and
1-methyl cyclopropene (1-MCP).

* Use C H,-insensitive cultivars.

e Interrupt the C,H,-induced signal.

Since perception is a metabolic process, holding
the tissue at the lowest possible temperature will
effectively reduce perception. Specific chemical
inhibitors can also be used that directly interfere
with the perception event.

A gaseous inhibitor like CO, or 1-MCP can be
introduced into the atmosphere. The tissue can be
dipped or fed a nonvolatile inhibitor such as silver
thiosulfate, but this treatment is limited to nonfood
crops. Ethylene-resistant cultivars can be selected
or the tissue genetically engineered to lack the
necessary biochemical receptors for ethylene or
the signal pathway necessary to transduce the
signal into a physiological event.

Even after the molecular perception event has
occurred, blocking the transduced signal will
effectively prevent perception. However, effective
methods to do this will require a far greater
understanding of the signal pathway than is
currently available.
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Preventing Response by the Plant

The third way to control C_H, is to prevent the
plant from responding to the perceived C_H,. This
can be done by interfering with the metabolic
machinery that is induced by exposure to C,H,, by
methods such as the following:
* Store at coldest possible temperature.
* Store under CA or MA or in MAP.
* Inhibit or reduce specific enzyme
activities using chemical inhibitors (for
example, AIP) or genetic engineering (for
example, antisense or other gene knockout
techniques).
* Divert protein synthesis—by heat-shock, for
example.
* Minimize time before use (for example,
consumption).

Since all the effects of C,H, on plants that we
are interested in involve metabolic changes,
reducing the rate of metabolism by lowering

the temperature, withholding a vital reactant

(for example, O,), or by inhibiting a specific
enzyme (for example, with a chemical or through
genetic engineering) will prevent a response to
C,H,. For example, ripening promoted by C_H,
often entails tissue softening that significantly
reduces shelf-life. Using antisense technology to
reduce the activity of enzymes involved in tissue
softening has produced fruit that remain firmer
longer. Ethylene also promotes phenylpropanoid
metabolism in many tissues that use stress-
produced C,H, as a signal to induce defense
mechanisms. Interfering with synthesis or activity
of phenylalanine ammonia lyase (PAL, the first
enzyme in phenolic metabolism) with chemical
inhibitors or heat treatment eliminates tissue
response to C,H,, preventing development of
postharvest disorders.



Application of Ethylene

The quality of some fruits is increased when they
are harvested at a mature but unripe stage that

can withstand the rigors and duration of transport
and then treated with C_H, to promote ripening
before sale. These fruit include avocados, bananas,
honeydew melons, lemons, oranges, and tomatoes.

An effective atmosphere of 100 to 150 uL L™* C H,
in air can be produced by a number of methods.
The “shot” method introduces a relative large
amount of gaseous C_H, into a ripening room by
metering C,H, from compressed gas cylinders.
Ethylene in air mixtures between 3.1% and 32%
are explosive. While these concentrations are
more than 200-fold higher than recommended,
they have been reached when metering equipment
has malfunctioned. Use of compressed gas
containing around 3.1% C,H, in N, (“banana
gas”), eliminates this problem.

Catalytic converters are instruments that use a
heated metal catalyst to convert alcohol into CH,.
They deliver a continuous flow of low C,H, into
the storage room. Ethylene can also be applied in
aqueous form from decomposition of compounds
such as Ethrel. While stable at acidic pH, Ethrel
quickly breaks down to C,H, as temperature and
pH increase. Field application is approved for
many food crops, but postharvest application is
not approved.

Treatment with C,H, stimulates many metabolic
pathways, including respiration. Oxygen use is
increased, as is the production of CO, and heat.
Rooms designed to hold produce being exposed
to C,H, must be designed with extra air-moving
capacity to ensure that an optimal ripening
environment is maintained around the crop.
Exposure to C,H, must be uniform throughout
the room and within packages. Heat of respiration
and excessive CO, must be removed to maintain
a proper environment. Loss of water by the crop
will be increased by the rise in respiratory heat
production. Maintaining a high RH can lessen
water loss, but too much water vapor can decrease
the strength of cardboard boxes and promote

pathogen growth. Judicious maintenance of proper
ripening environments will ensure production

of high-quality fruit. Care must be exercised in
venting and opening ripening rooms to prevent
release of sufficient amounts of C,H, to adversely
affect other commodities stored in the same
warehouse.

Conclusion

Ethylene can be both beneficial and detrimental
to horticultural crops in storage. Practical uses
for C_H, and treatments to minimize its adverse
effects have slowly accumulated over almost a
century of study. The three general methods used
to modulate CH, activity involve controlling
exposure, altering perception, and varying the
response of the tissue. An understanding of
ethylene’s synthetic pathway and mode of action
has greatly improved the ability of postharvest
physiologists to devise treatments and storage
conditions to control C,H, during the commercial
storage and handling of horticultural crops.
Simple methods like ventilation and temperature
management can be combined with more
sophisticated treatments like MAP and inhibitors
of specific induced enzymes to provide conditions
that optimize both storage life and product quality.
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Introduction

The plant hormone ethylene affects a wide range
of physiological processes in horticultural crops,
including abscission, senescence and ripening,
chlorophyll loss, softening, physiological
disorders, sprouting, isocoumarin synthesis,
lignification, discoloration (browning), decay,

and stimulation of defense systems (Saltveit
1999). Depending on the desired use of the
produce, these effects can be positive or negative.
However, most postharvest handling is focused

on controlling ethylene production or action.
Among the available methods, chemical control of
ethylene biosynthesis by aminoethoxyvinylglycine
(AVG) and inhibition of its action by
1-methylcyclopropene (1-MCP) have become
useful tools for the horticulture industry as they
seek to maintain quality of produce after harvest
(Venburg et al. 2008, Watkins 2008c).

1-MCP belongs to a class of compounds known as
cyclopropenes. The discovery that cyclopropenes
inhibit ethylene perception by competitively
binding to ethylene receptors represented a major
breakthrough in controlling ethylene responses

of horticultural products (Blankenship and Dole
2003). The process of discovery of the effects

of cyclopropenes and their proposed method of
action has been described (Sisler and Serek 2003,
Sisler 2006).

1-MCP has several characteristics that make it
conveniently useful by the fresh produce industry.
It is a gaseous molecule that is easily applied, has
an excellent safety profile, leaves no residues in
or on treated produce, and is active at very low
concentrations (parts per billion).

Of the cyclopropenes, 1-MCP proved to be
extremely active, but it is unstable in the liquid

phase. A process has been developed in which
1-MCP is complexed with a-cyclodextrin,
maintaining the stability of 1-MCP. After
application, 1-MCP is released from the complex
to expose horticultural products to the molecule.

When applied during the preharvest period,
1-MCP has the useful effects of delaying fruit
drop, slowing fruit maturation and ripening, and
maintaining postharvest quality (McArtney et

al. 2008, Watkins 2010, Watkins et al. 2010).
Produce must be exposed to 1-MCP at an effective
rate and for a sufficiently long time to elicit
physiological responses. In essence, this means
applying a higher preharvest concentration of
1-MCP than that used for postharvest application,
while ensuring stability of the formulation without
inducing phytotoxicity.

Some reports on postharvest dipping of fruit into
aqueous 1-MCP have been published (Choi et
al. 2008), but this method is not currently used
commercially.

Registration

The U.S. Environmental Protection Agency
(EPA) approved use of 1-MCP on floriculture
and ornamental products in 1999 and on edible
food products in 2002. By 2011, more than 40
countries had approved use of 1-MCP. It is
registered for use on a wide variety of fruits and
vegetables including apple, apricot, Asian pear,
avocado, banana, broccoli, calabrese, cauliflower,
Brussels sprouts, cabbage, carrot, cherimoya,
cucumber, date, guava, kiwifruit, lime, mango,
melon, nectarine, papaya, paprika, peach, pear,
pepper, persimmon, pineapple, plantain, plum,
plumcot, squash, tomato, and many ornamentals.
The specific products for which 1-MCP is
registered in each country vary greatly according
to the importance of the crop in that country. For
example, 1-MCP can be applied to tulip bulbs in
the Netherlands.

Recently, 1-MCP formulations have been
approved by the EPA and other regulatory
authorities for preharvest application.
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Semicommercial trials have been carried out at
several locations in the United States, Argentina,
Brazil, Canada, Chile, New Zealand, and South
Africa.

Effects of 1-MCP on Fruits, Vegetables,
and Ornamental Products

The availability of 1-MCP has provided
outstanding opportunities for researchers

to investigate both ethylene-dependent and
ethylene-independent events during ripening and
senescence, in addition to developing practical
uses for 1-MCP. Studies have focused on the
effects of 1-MCP on quality of horticultural

crops, specific postharvest issues such as handling
and packaging, physiological and biochemical
responses, and storage disorders. A number of
detailed reviews on the effects of 1-MCP have
been published (Blankenship and Dole 2003,
Serek et al. 2006, Watkins 2006,2007, Huber
2008, Watkins 2008a,2008b,2010). These reviews
report on the use of an extensive range in 1-MCP
concentration, depending on the responsiveness of
the product to the molecule.

Ripening and Senescence. 1-MCP affects many
ripening and senescence processes, including
pigments, softening and cell wall metabolism,
flavor and aroma, and nutritional properties
(Watkins 2006,2008b, Serek et al. 2006). These
processes are affected to varying degrees in both
nonclimacteric and climacteric products. The
range of responses reflects the enormous diversity
of these crops in terms of both inherent diversity
and morphological derivation (Huber 2008).

Several generalizations can be made about
responses of crops to 1-MCP:

» Genotype, cultivar, and maturity effects can
be highly variable, but responses to 1-MCP
are typically “concentration x exposure
time” dependent.

* Most if not all climacteric fruit are affected
by 1-MCP treatment, but the capacity to
interrupt the progression of ripening, once
initiated, varies by fruit and by attributes
studied.
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* Nonclimacteric fruit can also respond
to 1-MCP; such effects are providing
interesting insights about ethylene-dependent
and ethylene-independent events during
ripening.

* Treated fruit are firmer, slower to soften,
slower to change peel color and they develop
aroma and flavor slower, but if 1-MCP
concentrations and exposure periods are
appropriate for the product, the final quality
attained in the ripened fruit is similar to that
of untreated product.

* Rate of loss of nutritionally important
compounds such as vitamin C are
usually reduced in 1-MCP-treated fruits
and vegetables, and effects on phenolic
compounds are minor.

Physiological Disorders. An important area
of postharvest responses to 1-MCP is its
effects on physiological disorders (Watkins
2007,2008a,2008b). These disorders can be
divided into categories:

* Ethylene-induced disorders. Examples
include russet spotting of lettuce and
isocoumarin accumulation in carrots (Fan
and Mattheis 2000a), lignification of
asparagus (Liu and Jiang 2006), and water-
soaking of watermelons (Mao et al. 2004).
These disorders are preventable by inhibition
of ethylene perception.

* Senescence-related disorders. Examples
include senescent breakdown of apples
(Moran and McManus 2005), senescent
scald and breakdown of pears (Ekman et
al. 2004), and yellowing of broccoli (Fan
and Mattheis 2000b). These disorders are
also prevented by inhibition of ethylene
perception.

* Controlled atmosphere-related storage
disorders. 1-MCP can increase susceptibility
of apple fruit to carbon dioxide injuries.
Incidence of both internal and external forms
of injury is increased by 1-MCP (DeEll et
al. 2003, Fawbush et al. 2008, Argenta et al.
2010).



* Chilling-related disorders that are increased
by inhibition of ethylene perception.
Examples include woolliness and internal
breakdown of peaches and nectarines (Dong
et al. 2001), chilling injury of citrus and
bananas (Porat et al. 1999, Jiang et al. 2004),
and flesh browning of the ‘Empire’ apple
(Watkins 2008b).

* Chilling-related disorders that are decreased
by inhibition of ethylene perception.
Examples include superficial scald; brown
core (coreflush) and soft scald of apples
and pears (Fan et al. 1999); internal flesh
browning of avocados and pineapples
(Selvarajah et al. 2001, Pesis et al. 2002);
and chilling injury of bamboo shoots (Luo
et al. 2008), melons (Gal et al. 2006), and
persimmon (Luo 2007).

Pathological Disorders: Disease incidence

can be increased, decreased, or unaffected by
1-MCP, depending on the product, although
results are not always consistent because of the
complex interaction between host, pathogen,

and environment (Watkins 2008b). In some
instances, disease incidence can be lower because
the beneficial effects of 1-MCP on skin integrity
and flesh firmness result in greater resistance to
infection. However, ethylene is necessary for
defense systems in other plant systems (Marcos et
al. 2005).

Application

For postharvest use of 1-MCP on both ornamental
plants and edible food products, material must

be treated in an enclosed area, such as a storage
room, greenhouse, trailer, or shipping container.
Leakage of 1-MCP from the treatment area

can reduce its concentration and therefore
effectiveness. 1-MCP can only be applied by
authorized service providers, not by commercial
storage operators. Testing of rooms for leakage,
certification of product quality, and application of
the proper 1-MCP concentration for the product
maximize the benefits of treatment.

The apple has been an excellent crop for use of
1-MCP, which is used extensively around the
world to maintain quality through the whole
marketing chain from storage to consumer
(Watkins 2008b). Applications rates for apples
vary from 625 to 1,000 nL L, depending on

the country of registration. The major benefit of
1-MCP to the grower is more time to get high
quality produce through marketing channels to
the consumer. The successful use of 1-MCP on
apples is largely associated with varieties for
which maintenance of at-harvest quality and only
moderate softening to a crisp texture is desirable.

In contrast, challenges exist for effective use of
1-MCP on fruits that ripen to a melting texture
or have major color change. For example, failure
to ripen normally has been shown in avocado,
banana, pear, and tomato after fruit were treated
at an early ripening stage or if the applied
1-MCP concentration was too high (Golding

et al. 1998, Mir et al. 2004, Hurr et al. 2005,

Bai et al. 2006). Fruit must ripen uniformly to
quality characteristics (texture, flavor, aroma,
color) that are expected by the consumer. Despite
the challenges, successful 1-MCP treatment of
avocados, bananas, melons, persimmons, and
tomatoes has resulted from careful attenuation
of 1-MCP concentrations or selecting fruit at the
appropriate ripening stage at harvest. Research
on reinitiating ripening after 1-MCP treatment

in extremely sensitive fruit like pear is ongoing
(Bai et al. 2006, Chiriboga et al. 2011, Villalobos-
Acuna et al. 2011). A considerable amount of
research on crops other than apple is proprietary
and therefore not yet in the public domain.
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Introduction

Texture is a quality attribute critical in determining
the acceptability of fruits and vegetables. It is
convenient to define quality as the composite

of intrinsic characteristics that differentiate

units of the commodity—individual pieces of
the product—and to think of acceptability as
consumers’ perceptions of and reactions to those
characteristics. Though the term is widely used,
texture is not a single, well-defined attribute. It is
a collective term that encompasses the structural
and mechanical properties of a food and the
sensory perception of that food in the hand or
mouth. Though some definitions of texture are
restricted to only sensory attributes or to sensory
attributes and mechanical properties directly
related to them, the term texture is sometimes
extended to include some mechanical properties
of commercial interest that may not be of direct
interest to the consumer, such as resistance to
mechanical damage. In this review, we will use
the term texture in the broadest sense.

Many terms are used to describe sensory
texture of fruits or vegetables, including hard,
firm, soft, crisp, limp, mealy, tough, leathery,
melting, gritty, wooly, stringy, dry, and juicy.
There are no accepted instrumental methods for
measuring these attributes. In fact, there is some
disagreement among sensory, horticultural, and
engineering uses of certain terms, particularly
firmness, which is discussed below.

Textural attributes of fruits and vegetables are
related to the structural, physiological, and
biochemical characteristics of the living cells;
their changes over time; and their alteration

by processes such as cooking or freezing. The
continuous physiological changes in living cells
plus the inherent variability among individual
units of the commodity make the assessment of
fruit or vegetable texture difficult. Because of their
continuous change, textural measurements are
often relevant only at the time of evaluation; that
Is, they usually cannot be used to predict condition
much later in the storage period or marketing
chain.

Physiological Basis of Texture

To understand the texture of a product, it is
important to identify the main elements of tissue
strength and determine which elements are
responsible for the textural attributes of interest.
For example, it may be necessary to avoid tough
strands of vascular material when measuring
texture of soft tissues because the small amount
of fiber produces an artificially high reading that
does not agree with the sensory assessment of
softness. On the other hand, it is important to
measure the strength of fibers when determining
toughness, such as in asparagus spears and
broccoli stalks. Thus, method development and the
solution to many texture problems require a good
understanding of the anatomy of tissues within
the fruit or vegetable, the structure of its cells, the
biological changes that occur following harvest,
and sensory texture perception.

Parenchyma Cells

Fruits are derived from flower parts, while
vegetables are derived from roots, stems, leaves,
or flowers, and several that we call vegetables

are actually fruit (table 1). The common factor is
that all fruits and vegetables are relatively soft,
even carrots and apples eaten raw or cooked,
largely due to the presence of parenchyma cells.
These parenchyma cells are not lignified, and their
primary walls are separated by a morphologically
distinct region known as the middle lamella,
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Table 1. Examples of fruits and vegetables derived from various plant parts

Plant part Fruit Vegetable Seasoning or garnish

Root Beet, carrot, cassava (yucca, Licorice
Manihot), parsnip, radish,
sweet potato (Ipomoea),
turnip, yam (Dioscorea)

Tuber Potato, jerusalem artichoke,
taro
Rhizome Ginger, turmeric
Bulb Onion, shallot Garlic
Corm Water chestnut
Sprouted seeds Bean sprouts, etc.
Stem Asparagus Cinnamon (bark)
Leaf buds Cabbage, brussels sprouts,

belgian endive (etiolated)

Petiole Celery, rhubarb
Leaf Collards, kale, leek, lettuce,  Basil, bay, chives,
mustard greens, onion cilantro, dill leaf,
(green), spinach, marjoram, mint,
watercress oregano, parsley,
rosemary, sage,
tarragon, thyme
Flower buds Artichoke (globe), broccoli,  Capers, cloves

cauliflower, lily bud

Flowers Squash blossoms Edible flowers
(garnishes)

Floral receptacle Strawberry, fig

Fruit, immature Chayote (christophene, Gherkin (pickled)
mirliton), cucumber,
eggplant, beans (green),
snap peas, pepper
(Capsicum), summer
squash, zucchini
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Table 1. Examples of fruits and vegetables derived from various plant parts—

Continued

Plant part Fruit

Vegetable

Seasoning or garnish

Fruit, mature Apple, atemoya, avocado,
blueberry, carambola,
cherimoya, cherry, citrus,
cranberry, date, grape,
jackfruit, mango, olive,
papaya, peach, pear,
pineapple, pomegranate,

strawberry
Seeds Nuts, inclusions in

numerous fruits
Fungi

Beans (mature), coconut,
peanuts, sweet corn, nuts,
inclusions in numerous
fruit—type vegetables (for
examples, squashes,
tomatoes, and beans)

Breadfruit, tomatillo, tomato, Allspice, caper berries,
winter squashes (pumpkin,
hubbard, acorn, etc.)

juniper, mace, pepper
(red, Capsicum),
tamarind, vanilla bean

Anise, caraway,
cardamon, cumin,
dill seed, fennel,
mustard, nutmeg,
pepper (black, Piper),
pomegranate, poppy
seed, sesame seed

Mushrooms, truffies

which separates adjacent cells and is rich in

pectic substances. The unique mixture of matrix
(pectic and hemicellulosic) and fibrous (cellulosic)
polysaccharides in the cell wall mostly determines
the mechanical properties of these cells. The
polysaccharides confer on the wall two important
but seemingly incompatible properties. The first

is the wall’s plasticity, which enables it to expand
as the cell enlarges during plant development.

The second is the wall’s rigidity, which confers
strength and determines cell shape. However, on
its own the cell wall is unable to provide much
mechanical support. Rather, it is the interaction
between rigidity of the wall and internal
hydrostatic pressure (turgor) of cell contents that
provides support.

The arrangement and packing of parenchyma cells
within the tissue is another factor that influences
mechanical strength of produce. In carrots, the
cells are small (approximately 50 um in diameter),
isodiametric in shape, and closely packed with

a high degree of contact between neighboring
cells and a small volume of intercellular gas-

filled spaces. The cells can be arranged either

as columns or as a staggered array where each
cell overlays the junction of the two lower

cells (Serensen et al. 1999). These differences

in cell packing may, in part, explain genotypic
differences in susceptibility to harvest splitting

in carrot. In apple cortical tissue, the cells are
large (up to 300 um in diameter), elongated along
the direction of the fruit radius, and organized
into distinct columns (Khan and Vincent 1993).
As a result of this orientation of apple cells, the
tissue stiffness (elastic modulus) is higher and
the strain at failure is lower when tissue plugs are
compressed in a radial rather than a vertical or
tangential orientation (Khan and Vincent 1993,
Abbott and Lu 1996). Up to 25% of the volume of
apple tissue may be gas-filled intercellular spaces,
which indicates relatively inefficient cell packing
and a low degree of cell-to-cell contact, both

of which correlate well (negatively) with tissue
stiffness (Vincent 1989).
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Cell Wall

From a chemical perspective, the primary cell
wall of parenchyma cells is composed of a
mixture of cellulose, hemicellulose, and pectin.
The specific intermolecular interactions among
these polysaccharides are poorly understood but
usually assumed to follow the models described
by Carpita and Gibeaut (1993). The cell wall itself
is an important constituent of produce, providing
dietary fiber, thought to protect against colorectal
cancer (Harris et al. 1993).

Changes that occur in the cell wall during
ripening of fruit, storage of produce, and cooking
are critical to the texture of the final product.
During maturation of some vegetative parts,
especially stems and petioles, cell walls become
lignified (Okimoto 1948, Price and Floros

1993). Lignification results in toughening of

the product, such as woodiness in asparagus,
broccoli, pineapple, and rutabaga. During fruit
ripening, cell wall changes include solublization
and degradation of pectin and a net loss of

the noncellulosic neutral sugars galactose and
arabinose, and there may be a decrease in the
molecular weight distribution of hemicelluloses
(Harker et al. 1997). Numerous enzymes have
been suggested as being critical to these changes
in the cell wall including polygalacturonases and
several glycosidases, including -galactosidase,
xyloglucanase, endotransglycosylase, and
cellulases (Dey and del Campillo 1984, Huber
1992, Seymour and Gross 1996, Harker et al.
1997). The possible role of expansins—proteins
that are proposed to disrupt hydrogen bonds
within the cell wall—has been considered (Civello
et al. 1999). The use of molecular approaches,
including antisense technologies, has been a
powerful tool in the search for an understanding of
fruit softening (Giovannoni et al. 1989). However,
no single enzyme has been identified as the major
determinant of fruit softening, suggesting that wall
breakdown results from the coordinated action of
several enzymes or that the key enzyme has not
been identified.
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Cooking often results in degradation of pectic
polymers via B-elimination, which is usually
related to the degree of methyl esterification of
pectin (Waldron et al. 1997). Along with turgor
loss, this process is responsible for thermal
softening. However, some vegetables either don’t
soften or soften very slowly during cooking—for
example, Chinese water chestnut, sugar beet, and
beetroot. In Chinese water chestnut, the thermal
stability of texture is associated with the presence
of ferulic acid in the cell wall (Waldron et al.
1997).

Postharvest treatments involving dipping or
infiltrating with calcium maintain firmness during
storage of a wide range of fruit (Conway et al.
1994). Examination of fracture surfaces following
tensile testing of apple cortex indicated that tissue
failure from calcium-treated fruit was due to cell
rupture, whereas failure in control apples was due
to cell debonding (Glenn and Poovaiah 1990).
While evidence suggests that calcium influences
texture through its interaction with the cell

wall (pectin), it may also affect texture through
interactions with membranes.

The cell wall may also influence perception

of juiciness through its ability to hold and
release fluid. In some fruits, the cell wall swells
considerably during ripening (Redgwell et al.
1997). It has been suggested that hydrated cell
walls and perhaps the presence of free juice

over the surface of undamaged cells could be
responsible for the sensation of juiciness in fruit
with soft melting textures (Harker et al. 1997).
In stonefruit, loss of juiciness is thought to occur
when pectates bind water into a gel-like structure
within the wall (Ben-Arie and Lavee 1971).
Separation of cells at the middle lamella rather
than rupture of cells during chewing is at least
partially responsible for the dry, mealy mouth-
feel of overripe apples and wooliness of peaches
(Harker and Hallett 1992).

Cell Turgor
Plant cells tend to maintain a small positive

pressure, known as turgor pressure, which
develops when the concentration of solutes inside



the cell (more specifically inside the plasma
membrane) is higher than that outside the cell.
The extracellular solution fills the pores of the cell
wall, sometimes infiltrates into gas-filled spaces,
and usually is continuous with vascular (water-
conducting) pathways of the plant. Differences in
solute concentration at the inner and outer surface
of the plasma membrane cause water to flow into
the cell by osmosis. This net movement of water
is halted by the physical constraint of the rigid cell
wall and, as a result of this, turgor develops inside
the cell. At equilibrium,
¥ =Yp+¥r
Where:
Y is the turgor (generally a positive value),
Wp is the water potential (water activity,
generally a negative value) of the tissue, and
Yr is osmotic pressure (generally a positive
value) of the cell (Tomos 1988).

Turgor has the effect of stressing the cell wall. The
consequences of this stressing depend on whether
compressive loads or tensile loads are applied.
When tissues are subjected to compressive loads,
higher-turgor tends to make the cell more brittle;
that is, makes it fail at a lower force (Lin and

Pitt 1986). When tissues are subjected to tensile
measurements, turgor tends to harden the cell wall
and a greater force is needed before cells fail (De
Belie et al. 2000a). However, turgor is unlikely

to influence tissue strength if the mechanism

of failure is cell-to-cell debonding, rather than
fracturing across individual cells, unless an
increasing turgor, and thus swelling, reduces cell-
to-cell contact area (Glenn and Poovaiah 1990,
Harker and Hallett 1992).

The importance of turgor has been demonstrated
in a number of ways. The rapid phase of cooking-
induced softening of carrot occurs as a result of
membrane disruption and the elimination of the
turgor component of texture (Greve et al. 1994).
Similarly, when produce experiences a freeze-
thaw cycle, the membranes are damaged and the
tissues become more flaccid in the case of leafy
vegetables (and softer in the case of fruits) and
often leak much juice upon thawing. Firmness
and turgor correlate well in apple (Tong et al.
1999), and turgor declines during tomato ripening

(Shackel et al. 1991). Also, turgor is thought to
play a central role in softening and development

of mealiness during storage of apples (Hatfield
and Knee 1988).

Cell-to-Cell Debonding Versus Cell Rupture

The strength of the cell wall relative to the
adhesion between neighboring cells will determine
whether cell rupture or cell-to-cell debonding is
the mechanism of tissue failure. Cell rupture is
generally associated with crisp and often juicy
produce, as well as with unripe fruit and raw
vegetables. Cell-to-cell debonding is frequently
associated with dry, unpleasant texture such as
in mealy apples or chilling-injured stonefruit and
tomato and with juice loss in citrus (Harker et al.
1997).

However, a dry texture is not always unacceptable
to consumers—in banana, for example. In some
fruits, cell-to-cell debonding does not result in

a dry texture; rather, a layer of juice covers the
intact cells exposed following cell separation
(Harker et al. 1997). Furthermore, cell-to-cell
debonding is a common outcome of cooking

of vegetables such as potato (Waldron et al.
1997) and carrot (Ng and Waldron 1997). In
fresh produce, cell adhesion is presumed to be a
function of three factors: strength of the middle
lamella, the area of cell-to-cell contact, and the
extent of plasmodesmatal connections (Harker
et al. 1997). Tissue collapse can also occur
without cell wall breakdown or cell separation.
In some tissues, fluids are forced out of cells by
compressive forces known as “cell relaxation”
(Peleg et al. 1976) or “exosmosis” (Jackman and
Stanley 1995).

Other Elements of Tissue Strength

The strength and integrity of many edible plant
organs are influenced by a number of additional
factors (Harker et al. 1997). Many fruits and
vegetables contain a number of tissue zones:
periderm, pericycle, and phloem parenchyma in
carrot; skin, outer pericarp, inner pericarp, and
core in Kiwifruit; and outer pericarp, locular gel,
seeds, and columella in tomato. These tissues
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differ in strength and biological properties and
often need to be considered individually when
measuring texture. For example, failure of the
core of Kiwifruit to soften to the same extent as
the pericarp causes a texture that is unacceptable
to consumers. In some multiple fruit that do

not adhere to the receptacle, such as raspberry,
the main element of strength is the adhesion
between neighboring drupelets due to hair-like
protuberances. However, it is the skin of many
types of produce that plays a key role in holding
the flesh together, particularly in soft fruit. The
cuticle of epidermal cells and thickened cell walls
of hypodermal cells contribute to strength of
simple skins. In harder, inedible skins, specialized
cells may be present: collenchyma, sclerenchyma,
tannin-impregnated cells, and cork.

The presence of tough strands of vascular tissue
may strengthen the flesh but often results in

an unpleasant fibrous texture. For example,
toughness of asparagus spears is principally due
to fiber content and fiber lignification (Lipton
1990). Rarely is the stringiness desirable, as in
spaghetti squash. In most commercial fruits,

with the exception of pineapple (Okimoto 1948),
fibrousness of the flesh is not a major problem.
However, some fruits, including peaches and
muskmelons, can have a problem with stringiness
(Diehl and Hamann 1979). Generally, the
perception of stringiness is greater with very

ripe fruit due to the contrast between the soft
melting texture of the parenchyma cells and the
fibrousness of the vascular tissues. Similarly,

the gritty texture of pear and guava (Harker et

al. 1997) becomes particularly noticeable when
the surrounding cells are soft. However, while
stringiness is caused by vascular tissues, grittiness
is caused by sclerenchymatous stone cells (Harker
et al. 1997).

Sensory Evaluation of Texture

People sense texture in numerous ways: the look
of the product, the feel in the hand, the way it
feels as they cut it, the sounds as they bite and
chew it, and, most important of all, the feel of
the product in the mouth. Szczesniak (1963)
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proposed a texture profile, a systematic approach
to sensory texture analysis based on mechanical,
geometrical, and other characteristics. Mechanical
characteristics included basic parameters
(hardness, cohesiveness, viscosity, elasticity,

and adhesiveness) and secondary parameters
(brittleness or fracturability, chewiness, and
gumminess). Geometrical properties related to
size, shape, and orientation of particles. The

other characteristics comprised moisture and fat
content. Sherman (1969) and others have proposed
revisions of the texture profile classification
scheme, but the original is generally used with
only minor changes by sensory texture specialists.
Most sensory analysis textbooks contain a small
chapter on evaluation of texture; for example,
Meilgaard et al. (1999). Harker et al. (1997)
reviewed fruit texture and included extensive
discussion of oral sensation of textural attributes.

Shewfelt (1999) suggested that the combination
of characteristics of the product be termed
“quality” and that the consumer’s perception and
response to those characteristics be referred to as
“acceptability.” Texture may be a limiting factor
in acceptability if textural attributes are outside
the individual’s range of acceptability for that
commodity. People have different expectations
and impose different limits for various
commodities. The relationship of instrumental
measurements to specific sensory attributes and
their relationship to consumer acceptability must
be considered (Shewfelt 1999). Instruments may
be designed to imitate human testing methods,
or fundamental mechanical measurements may
be statistically related to human perceptions and
judgments to predict quality categories. Only
people can judge quality, but instruments that
measure quality-related attributes are vital for
research and inspection (Abbott et al. 1997).

Instrumental Measurement of Texture

The ability to measure texture is critical for
evaluation and control of quality. The complex
nature of texture is associated with the diversity
of tissues involved, the attributes required to
describe textural properties, and changes in these



attributes as the product ripens and senesces.
Instrumental measurements are preferred over
sensory evaluations for research and commercial
applications because they are less subject to
human influences, are more precise, and can
provide a common language among researchers,
companies, regulatory agencies, and customers.
It is often suggested that the relevance of
instrumental measurements depends on how well
they predict sensory attributes (MVoisey 1971), but
there are also valid uses for mechanical property
measurements that relate only to functional
behavior of the fruit or vegetable, such as bruise
resistance or the ability to be sliced for fresh-cut
preparations.

There have been numerous reviews of methods for
instrumental measurement of fruit and vegetable
texture (Bourne 1980, Chen and Sun 1991,
Abbott et al. 1997, Harker et al. 1997). Interaction
among characteristics and the continuing
physiological changes over time complicate the
measurement of fruit or vegetable texture. For
example, as the parenchymal tissue of honeydew
melon softens, the perception of fibers (vascular
bundles) increases (Diehl and Hamann 1979). On
the other hand, the fibrousness in asparagus is
related to active lignification of fiber and vascular
bundles (Chang 1987). Similar effects can affect
instrumental measurements. For example, fibers
are held relatively rigidly in a hard melon and
thus contribute to the overall force required to cut
through the flesh, but the fibers in a soft melon can
be displaced by the instrument’s probe and alter
distribution of forces within tissue. The displaced
fibers can also effectively change the shape

of the probe as it progresses through the flesh
accumulating a “cap” of fibers.

Most instrumental measurements of texture have
been developed empirically. While they may
provide satisfactory assessments of the quality
of produce, they often do not fulfill engineering
requirements for fundamental measurements
(Bourne 1982). Fundamental material properties
measurements were developed to study the
strength of materials for construction or
manufacture. After the failure point of such a
material is exceeded, there is little interest in the

subsequent behavior of the material. On the other
hand, scientists who study food are interested in
initial failure but they are also interested in the
continuous breakdown of the food in the mouth
in preparation for swallowing. As Bourne (1982)
pointed out, “Food texture measurement might
be considered more as a study of the weakness
of materials rather than strength of materials.” In
fact, both strength and breakdown characteristics
are important components of texture.

Elastic and Viscoelastic Behavior

Fruits and vegetables exhibit viscoelastic behavior
under mechanical loading, which means that
force, distance, and time—in the form of rate,
extent, and duration of load—determine the
value of measurements. For example, impact

of the fruit against a hard surface is very rapid
loading, whereas the weight of other fruit on an
individual fruit at the bottom of a bin and the
force of a carton wall against tightly packed fruit
are long-term loads. The fruit will respond quite
differently to the two forms of loading. Because
of the viscoelastic character of fruit and vegetable
tissues, every effort should be made to use a
consistent action and speed when making manual
texture measurements such as the Magness-Taylor
puncture test (Blanpied et al. 1978, Harker et al.
1996). The rate of loading should be controlled
and specified in mechanized measurements.

The optimal rate of loading differs for different
commodities. People use different loading rates
(chewing speeds) when eating foods of different
textures (Harker et al. 1997), but the optimum
loading rate for instrumental measurements

may not resemble the rate of human mastication
(Thybo et al. 2000).

There are many types of mechanical loading:
puncture, compression, shearing, twisting,
extrusion, crushing, tension, bending, vibration,
and impact. And there are four basic values that
can be obtained from mechanical properties tests:
force (load), deformation (distance, displacement,
penetration), slope (ratio of force to deformation),
and area under the force/deformation curve
(energy). The engineering terms based on these
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measurements are stress, strain, modulus, and
energy, respectively.

Stress is force per unit area, of either contact or
cross-section depending on the test. Strain is
deformation as a percentage of initial height or
length of the portion of sample subject to loading.
Modulus of elasticity (tangent, secant, chord, or
initial tangent) is a measure of stiffness based on
the stress/strain ratio.

Force and deformation values are more commonly
used in food applications than stress and strain
values and are sufficient, provided that the contact
area and the distance the probe travels are constant
and sample dimensions are similar from sample

to sample. (Sample here means the portion of
tissue tested, not necessarily the size of the fruit

or vegetable.) In many horticultural texture tests,
deformation is kept constant and the force value

is reported. For example, in penetrometer tests

of fruit firmness such as the Magness-Taylor test
discussed below, the force required to insert a
probe into the flesh to an inscribed mark is read
from a gauge. No compensation is made for
different probe diameters (contact areas), so the
value read is force, not pressure or stress. In a few
horticultural tests, a known force is applied to the
product and the deformation after a specified time
is reported; an example is the tomato creep test
(Hamson 1952, Ahrens and Huber 1990).

Puncture, compression, bending, and shear tests
made on instruments such as those listed in table
2 are made at relatively low speeds, usually 60
to 300 mm min* (0.1 to 20 in min?). In contrast,
typical impact velocities in fruit and vegetable
handling systems are likely to be around 400 mm
st (945 in min't), equivalent to a drop of only 8.1
mm, and sometimes much greater.
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A typical force/deformation (F/D) curve for a
cylindrical piece of apple tissue compressed at
constant speed is shown in figure 1. F/D curves
for puncture tests look similar to compression
curves. The portion of the initial slope up to point
(a) in figure 1 represents nondestructive elastic
deformation; point (a) is the inflection point

at which the curve begins to have a concave-
downward shape and is called the “elastic limit.”
The region before point (a) is where slope or
elastic modulus should be measured. Beyond the
elastic limit, permanent tissue damage begins.
There may be a bioyield point (b), at which cells
start to rupture or move with respect to their
neighbors, causing a noticeable decrease in slope.
Point (c) marks rupture, where major tissue failure
causes the force to decrease substantially. In some
F/D curves, including figure 1, bioyield may not
be distinguishable from rupture. Beyond rupture,
the force may again increase, level off, or decrease
as deformation increases (Bourne 1965).

At the maximum deformation point specified by
the user, the probe is withdrawn and the force
diminishes until contact is lost. In the apple tissue
shown in figure 1, maximum force occurred at
maximum deformation, point (c), but other apples
in the same lot had maxima at rupture point (a)

or at some point between rupture and maximum
deformation, such as marked by point (b). Of
course, F/D curves that differ from the one shown
in figure 1 are also reported for apple and for other
commodities. F/D curves for very soft, noncrisp,
or spongy tissues do not have sharp peaks but
show gradual increase in force to a rupture point,
followed by gradual decrease. Some may not
even show rupture; for example, a cylinder of
eggplant compressed like apple tissue in figure

1 may show smoothly increasing force to the
point of maximum deformation. Samples with a
mixture of parenchyma and fibers or stone cells
may have quite jagged F/D curves, with several
local maxima and ruptures as the probe encounters
resistant clusters of stone or fiber cells.

Figure 1. Actual force/deformation curve of a cylindrical piece of apple tissue under compression
of 1 mm s demonstrating elastic limit (a), bioyield (b), and rupture or massive tissue failure (c).
Maximum force is at point (c) but could also occur at point (a) or point (b) in other apples. Force/
deformation (F/D) for Magness-Taylor puncture would look similar (with somewhat different
maximum forces) but would terminate at 5/16 in or 8 mm, depending on whether original or metric
specification was selected to control the universal testing instrument.
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Firmness of horticultural products can be
measured at different force or deformation levels
in all three regions of figure 1, depending on the
purpose of the measurement and the definitions of
the quality attributes. F/D characteristics beyond
the elastic limit may be more important than those
before it, because they simulate the destruction
that occurs in bruising or eating (Szczesniak
1963, Bourne 1968). The two most common
texture tests of fruits and vegetables, the Magness-
Taylor puncture and the Kramer Shear report

only the maximum force attained, regardless of
the deformation at which it occurs. On the other
hand, elastic modulus or Young’s modulus is often
used by engineers as an index of product firmness.
The modulus of elasticity is the ratio of stress

to strain as calculated from the slope of the F/D
curve before the elastic limit. Any nondestructive
method should limit the force or deformation

level to the elastic region so that negligible

tissue damage is sustained during measurement.

It is important to recognize and understand

the fundamental properties measured by both
destructive tests and nondestructive methods, the
differences between them, and the factors that can
affect the tests.

Numerous mechanical instruments have been
developed over the past century for measuring
textural attributes of horticultural products.
Despite the large variations in design, these
mechanical instruments either measure or control
functions of force, deformation, and time. The
types of loading by these instruments include
puncture, compression, shearing, twisting,
extrusion, crushing, tension, and bending.

Puncture Tests

Puncture testers based on the original Magness-
Taylor pressure tester (MT), also called the
USDA or Ballauff tester (Magness and Taylor
1925, Haller 1941) and more correctly called
the Magness-Taylor fruit firmness tester, are
used to measure firmness of numerous fruits and
vegetables to estimate harvest maturity or for
postharvest evaluation of firmness. There are
several adaptations of the Magness-Taylor tester
that differ in instrument size and shape, manual

or mechanical use, and dial (analog) or digital
readout (table 2). The term “Magness-Taylor
firmness” is used generically for the measurements
made with the several variants of the MT. All

use rounded-tip probes of specific geometry and
measure the maximum force required to insert

the probe 7.94 mm (5/16 in) into the flesh (Haller
1941). The rounded portion of a Magness-Taylor
probe is only a portion of a full hemisphere . A
probe measuring 11.11 mm (28/64 in) in diameter
with a radius of curvature of 8.73 mm (11/32 in) is
used for apples. A probe measuring 7.94 mm (5/16
in) in diameter with a radius of curvature of 5.16
mm (13/64 in) is used for cucumber, kiwifruit,
mango, papaya, peaches, pears, and plums. A thin
slice of skin (about 2 mm thick and slightly larger
diameter than the probe) should be removed from
the area to be tested, except for cucumbers, which
are tested with the skin intact.

A group of U.S. researchers published
recommendations for making manual
penetrometer tests (Blanpied et al. 1978), stating
that steady force should be applied so that the
probe is inserted to the inscribed depth mark in

2 s. The probes can also be mounted in materials
testers (universal F/D testing machines) made by
numerous manufacturers (Bourne 1974, Breene
et al. 1974, Abbott et al. 1976, Harker et al. 1996,
Lehman-Salada 1996). A group sponsored by

the Commission of the European Communities
recommended that a materials tester be used to
drive the probe to a depth of 8 mm at speeds
between 50 and 250 mm min* (Smith 1985).
Because of the curvature of the MT probes and
the fact that firmness as measured in puncture
tests is a combination of shear and compression in
variable proportions, it is not possible to convert
measurements made with one size MT probe to
the other MT size, or to accurately convert to

or from values for probes of other geometries
(Bourne 1982). A random sample of 20 to 30 fruit
of similar size and temperature should be tested
with punches on two opposite sides, depending
on uniformity of the lot. Peaches are often more
variable around the circumference than other fruit
so a larger number is recommended (Blanpied

et al. 1978). Similar measurements are made

on cherry, grape, and strawberry using a 3-mm
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probe and on olive using a 1.5-mm probe on

the U.C. tester (E.J. Mitcham 2000, personal
communication). Numerous puncture tests with
flat-faced cylindrical or hemispherical probes and
a few with conical probes have been conducted.
None have achieved the acceptance of the
Magness-Taylor fruit firmness test.

Shear Tests

Shearing in engineering terms does not mean
cutting with a knife or scissors but, instead,
sliding adjacent parallel planes of cells past one
another. Engineering shear tests are seldom used
on fruits and vegetables, but shear modulus can
be obtained from compression (Mohsenin 1986),
torsion (Diehl et al. 1979), impact (Bajema and
Hyde 1998), extrusion, and dynamic (Ramana
and Taylor 1992) tests. Although it does not
measure true shear, the Kramer Shear device
(FTC Texture Test System, Food Technology
Corporation, Reston, VA) is used extensively

in the food processing industry and by some
fresh-cut processors for quality control. The key
component of the original Kramer Shear device
is a multiblade cell with 10 blades 2.9 mm (about
7/64 in) thick that mesh with slots in the bottom
of a cell measuring 67x67x63 mm (approximately
2 5/8x2 5/8%2 1/2 in, internal dimensions) that
can be used on any materials tester with sufficient
load capacity. The cell is generally filled with
randomly oriented pieces of the product, either to
full capacity or to 100 g. The force measured by
the test involves compression, shear, extrusion,
and friction between the tissue and blades.

While the maximum force to pass the blades
through the sample may relate to the complex of
material properties sensed in the mouth during
chewing, the test does not satisfy requirements
for engineering tests because of the undefined
and uncontrolled stresses and strains applied to
the food. The amount of sample and the pattern
of loading the cell, size and orientation of pieces,
etc. affect the maximum force value as well as
the shape of the F/D curve (Szczesniak et al.
1970, Voisey and Kloek 1981). The orientation
of pieces of fruit or vegetable, especially with
regard to vascular bundles and fibers, and the
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spaces between pieces would be expected to
affect significantly the F/D profile as the blades
penetrate through the contents of the shear

cell; therefore some standardization of loading
practice is advisable. Adaptations with smaller
cells and fewer blades are available; for example,
Stable Micro Systems. As with the MT probe,
comparisons should not be made between results
from cells of different geometries.

Compression

Though compression tests are not commonly

used by the fruit and vegetable industry, they are
widely used in research on horticultural products.
They can be made on tissue specimens or intact
products using a variety of contact geometries
(Mohsenin 1986, ASAE 2000). Though fruits

and vegetables are viscoelastic, they are often
treated as elastic, so the force required to attain

a specified deformation or to rupture (bruise or
burst) the product is generally measured. Modulus
of elasticity, stiffness, force, contact stress, and
deformation to bioyield and to rupture can be
calculated from elastic measurements, dimensions
of the specimen, and Poisson’s ratio (the ratio

of transverse strain to axial strain at less than

the elastic limit). For convex specimens such

as whole or halved fruits, see ASAE Std. 368.4
(2000). Often, for food science applications only
maximum force or distance is reported.

Compression tests using pieces of tissue, usually
cylindrical, excised from the fruit or vegetable are
quite common in research (Bourne 1968, Khan
and Vincent 1993, Abbott and Lu 1996, Wann
1996). Intact product compression tests involve
contact with small flat or curved indenters or with
parallel plates significantly larger than the area

of contact (ASAE 2000). Modulus of elasticity
values from whole fruit compression represents
fruit morphology, size, shape, cellular structure,
strength, and turgor. Though elastic properties can
be determined nondestructively (discussed below),
horticultural and food science measurements

are frequently made beyond the elastic limit.
Sundstrom and Carter (1983) used rupture force
of intact watermelons pressed between parallel flat
plates to evaluate causes of cracking. Jackman et



al. (1990) found that whole tomato compression
was relatively insensitive to small differences in
firmness due to chilling injury. Kader et al. (1978)
compressed tomatoes between a pair of spherical
indenters as a measure of firmness.

If the viscous element is a significant contributor
to the texture, as it is for intact tomatoes and
citrus, measurement of continuing deformation
under a constant force (creep) (Hamson 1952,

El Assi et al. 1997) or decrease in force under

a fixed deformation (relaxation) (Sakurai and
Nevins 1992, Errington et al. 1997, Kajuna et
al. 1998, Wu and Abbott 2002) provides textural
information in addition to elastic properties.

To minimize the effect of loading position on
firmness measurement in tomato, Kattan (1957)
designed a creep tester that applied force around
the fruit’s circumference with a belt. The failure
of creep or force-relaxation testers to be adopted
commercially is due to the time required for
adequate relaxation, which can be up to 60 s.

Tension Test

Tensile tests measure the force required to stretch
or pull a sample apart. Failure can be through cell
rupture, cell separation, or a combination of both.
Tensile measurement has not been as popular

as puncture or compression testing because it

is not intuitively as closely related to crushing

or chewing as is puncture or compression and
because it requires gripping or otherwise holding
the ends of the sample so that they can be pulled
apart without crushing the tissues where they are
held. Schoorl and Holt (1983) used clamps to hold
apple tissue. Stow (1989) and Harker and Hallett
(1992) used shaped samples held by special
claw-like hooks. Harker and Hallett (1994) used
quick-set adhesive to glue the ends to instrument
fixtures. Researchers often examine the broken
ends of tensile test samples to determine the mode
of fracture. Microscopic analyses of the broken
ends (Lapsley et al. 1992, Harker and Sutherland
1993, Harker and Hallett 1994, Harker et al. 1997)
reveal that tissue from unripe fruit generally
fractures due to individual cells breaking, whereas
cells from ripe fruits that tend to be crisp (apple

and watermelon) usually break or rupture and cells
from ripened soft fruits (banana, nectarine, and
kiwifruit) tend to separate at the middle lamellae.

Torsion Test

True torsion tests are rarely used on horticultural
specimens because of the difficulties in shaping

and holding the tissue (Diehl and Hamann 1979,
Diehl et al. 1979).

Twist Test

Studman and Yuwana (1992) proposed a simple
twist tester consisting of a sharp spindle with a
rectangular blade that is forced into the flesh; the
torque (twisting force) required to cause crushing
or yielding of the tissue is measured. Though
called a “twist test,” this is not to be confused
with a torsion test: The properties tested are
likely a combination of shear and compression.
Harker et al. (1996) found the twist test to be
more precise than several testers using the MT
puncture probe; however, Hopkirk et al. (1996)
suggest that puncture and twist tests may measure
different mechanical properties, resulting in quite
different firmness judgments. The twist test has
the advantage of being able to measure strength
of tissue zones at specific depths from the surface
without requiring the excision of tissue samples.

Nondestructive Measurements for Online
Sorting

Most F/D measurements are destructive, such as
the familiar Magness-Taylor fruit firmness test
and the Kramer shear test; or they are too slow
for online use, such as the Cornell firmness tester.
However, remember that eating is destructive!
Rupture forces usually provide the best correlation
with sensory texture evaluations of foods.
Unfortunately, destructive tests cannot be used

to sort fruits and vegetables for subsequent

sale, so a great deal of research has gone into
developing nondestructive methods to estimate
the mechanical properties and the textural quality
of fruits and vegetables (Chen and Sun 1991,
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Abbott et al. 1997, Hung et al. 2001). None of
these nondestructive methods has attained wide
commercial acceptance to date.

During development, new instrumental texture
measurements are most often initially calibrated
against existing instruments. If they are to be
used to predict sensory attributes or acceptability,
the new measurement should also be compared
directly with descriptive sensory analyses to
develop calibration equations for quantitative
attributes (how much of a trait is present) or with
consumer evaluations to predict acceptability.
Alternatively, instrumental measurements may
be compared with commercially useful traits

like bruising, days from bloom, or storage

life to develop predictive equations. After the
relationship between an instrumental measurement
and a quality attribute or acceptability has been
well established, the instrumental measurement
is usually used to replace human evaluations. It is
advisable to verify the relationships occasionally,
because changes in factors such as genetics,
growing or storage conditions, consumer
preference, or wear on the instrument may change
the relationships.

Laser Air-Puff Test. A nondestructive, noncontact
firmness detector was recently patented (Prussia

et al. 1994) that uses a laser to measure deflection
caused by a short puff of high-pressure air,

similar to some devices used by ophthalmologists
to detect glaucoma. This is essentially a
nondestructive compression test. Under fixed air
pressure, firmer products deflect less than softer
ones. Laser-puff readings correlate well with
destructive Magness-Taylor firmness values for
apple, cantaloupe, kiwifruit, nectarine, orange,
pear, peach, plum, and strawberry (Fan et al. 1994,
Hung et al. 1998, McGlone et al. 1999, McGlone
and Jordan 2000).

Impact or Bounce Test. When one object collides
with another object, its response is related to its
mechanical properties, its mass, and the contact
geometry. Numerous studies have been conducted
on the impact responses of horticultural products
and a number of impact parameters have been
proposed to measure firmness, including peak
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force, coefficient of restitution, contact time, and
the impact frequency spectrum. The coefficient
of restitution is the ratio of the velocities of the
product just before and after impact and reflects
the energy absorbed in the product during impact.

There is no agreement on the best parameter

to measure; selection seems to depend on
commodity, impact method, and the firmness
reference used by the investigators. Most impact
tests involve dropping the product onto a sensor
(Rohrbach 1981, Delwiche et al. 1987, Zapp et
al. 1990, McGlone and Schaare 1993, Patel et

al. 1993) or striking the product with the sensor
(Delwiche et al. 1989, Brusewitz et al. 1991, Chen
et al. 1996, Bajema and Hyde 1998). Delwiche et
al. (1989, 1991) developed a single-lane firmness
sorting system for pear and peach. Impact
measurements often do not correlate highly

with the Magness-Taylor puncture measurement
(Hopkirk et al. 1996). A potential problem with
impact tests is that bruising may occur unless a
soft sensor is developed (Thai 1994).

Sonic or Acoustic Tests. Sonic (acoustic)
vibrations are those within the human audibility
range of 20 to about 20,000 Hz (vibrations per
second). Sonic measurements provide a means
of measuring fruit and vegetable firmness. The
traditional watermelon ripeness test is based on
the acoustic principle: One thumps the melon and
listens to the pitch of the response.

A number of sonic instruments and laboratory
prototype sorting machines have been developed
and tested (Abbott et al. 1968, 1992, Armstrong
et al. 1990, Peleg et al. 1990, Zhang et al. 1994,
Stone et al. 1998, Schotte et al. 1999, De Belie

et al. 2000b, Muramatsu et al. 2000). When an
object is caused to vibrate, amplitude varies

with frequency of the vibration and will be

at a maximum at some particular frequency
determined by a combination of the shape, size,
and density of the object; such a condition is
referred to as resonance. Resonance measurement
can be achieved by applying an impulse or thump
that contains a range of frequencies. Modulus of
elasticity values obtained from resonant frequency
data have correlated well with those measured by



conventional compression tests, but they often
correlated poorly with MT puncture forces. Abbott
et al. (1968) proposed a stiffness coefficient, f2m,
which was based on the modulus of elasticity
using the resonant frequency (f) and mass (m) of
the specimen; this was later modified by Cooke
and Rand (1973) to f2/m?3,

Farabee and Stone (1991) developed a portable
sonic instrument for field determination of
watermelon ripeness and hollow heart detection.
Kawano et al. (1994) reported a commercial
sorting machine for detecting internal voids in
Japanese watermelon. Shmulevich et al. (1995)
developed a sonic instrument using a lightweight
flexible piezoelectric film sensor to follow changes
in fruit during storage. Muramatsu et al. (2000)
examined the relationship of both phase shifts
and resonant frequencies to firmness. Nybom
(1962) and Peleg et al. (1990, 1999) examined
the sonic energy transmitted by the specimen
rather than the resonant frequencies. Despite
considerable research, sonic vibration has not
yet become a viable option for the horticultural
industry. However, several advanced commercial
prototypes are currently being evaluated.

Ultrasonic Tests. Ultrasonic frequencies
(>20,000 Hz) are widely used in the medical field
and for analyzing meat. Ultrasonic tests have
been used with limited success for measuring
physical and chemical properties of fruits and
vegetables because of the high attenuation
(energy absorption) of plant tissues. The
commonly measured ultrasonic parameters are
velocity, attenuation, and frequency spectrum
composition. Bruises in apples (Upchurch et al.
1987) and hollow heart of potatoes (Cheng and
Haugh 1994) could be detected in the laboratory
using ultrasonics. Mizrach and Flitsanov (1999)
and Mizrach et al. (1994, 1999) have followed
the softening process in avocados, melons, and
mangoes, respectively.

Light Scatter Imaging. As light passes through
tissue, cellular contents such as starch granules,
cell walls, and intercellular spaces cause scatter.
The extent of scatter of collumated light such as

a laser beam may change during ripening due to
compositional changes and changes in cell-to-
cell contact. Measurement of the scatter using
computer vision may thus provide an indirect
indication of textural changes. Significant
correlations between mechanical properties and
image size have been shown in apples (Duprat et
al. 1995, McGlone et al. 1997, Cho and Han 1999,
De Belie et al. 2000a) and tomatoes (Tu et al.
2000).

Juiciness

The importance of juiciness has been
demonstrated by numerous consumer awareness
studies; however, there has been little progress
in developing instrumental measurements of
juiciness. Intuitively, one would expect total
moisture content to determine juiciness, but the
correlations between them are often low for fruits
and vegetables (Szczesniak and Ilker 1988).
Apparently, inability of cells to release juice

has a greater effect. For example, water content
of juicy and chilling-injured peaches is similar,
yet injured fruit have a dry mouth-feel. Also,
mealy apples feel dry to the palate because cells
separate at the middle lamella, rather than being
ruptured and releasing juice during chewing.
Generally, juiciness is characterized as weight or
percentage of juice released from a fixed weight
of tissue. Juice can be extracted from tissue by
the following methods: using a press (like a
cider press), homogenizing and centrifuging to
separate juice from solids, using juice extractors,
and measuring juice released during compression
testing of excised tissue (Harker et al. 1997).

Summary

Texture measurement has become widely
accepted by horticultural industries as a critical
indicator of nonvisual aspects of quality. The
ability to measure texture has allowed industries
to set standards for quality at pack-out and to
monitor deterioration in quality during storage
and distribution. Furthermore, the study of the
chemical, physiological, and molecular changes
that control or influence texture has been
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facilitated by the development of methods for
quantifying texture change.

Much of the commercial and research interest in
texture has focused primarily on the mechanical
properties of the tissues. The diversity of tissues
involved, the variety of attributes required

to fully describe textural properties, and the
changes in these attributes as the product ripens
and senesces contribute to the complexity of
texture measurement. This complexity of texture
can still only be fully measured by sensory
evaluation, which involves using a panel of
assessors that have been trained to score defined
attributes against a set of standards. However,
instrumental measurements are preferred over
sensory evaluations for both commercial and
research applications because instruments are
more convenient to use, widely available, tend
to provide consistent values when used by
different (often untrained) people, and are less
expensive than sensory panels. These instrumental
measurements are widely understood and can
provide a common language among researchers,
industry, and customers.

There are numerous empirical and fundamental
measurements that relate to textural attributes.
Mechanical methods measure functions of

force, deformation, and time. Some indirect
methods measure chemical constituents or
physical characteristics. Destructive mechanical
methods generally relate more closely to sensory
evaluations than do nondestructive measurements,
but by their destructive nature they cannot be used
for sorting produce. Therefore, the commodity
and purpose of measurement, and sometimes
regulations, guide the choice of textural
measurement.
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Introduction

Losses caused by postharvest diseases are greater
than generally realized because the value of fresh
fruits and vegetables increases several-fold while
passing from the field to the consumer (Eckert and
Sommer 1967). Postharvest losses are estimated to
range from 10 to 30% per year despite the use of
modern storage facilities and techniques (Harvey
1978).

Postharvest diseases affect a wide variety of crops,
particularly in developing countries that lack
sophisticated postharvest storage facilities (Jeffries
and Jeger 1990). Infection by fungi and bacteria
may occur during the growing season; at harvest
time; during handling, storage, transport and
marketing; or even after purchase by the consumer
(Dennis 1983). Reduction of losses in perishable
food crops resulting from postharvest diseases

has become a major objective of international
organizations (Kelman 1989). The reality is that
there is a portending food crisis that will require
the concerted efforts of all who are involved

in food production to redouble their efforts. In
fact, to adequately feed the world’s expected 10
billion people within the next 40 to 50 years, food
production efficiency and distribution will need to
be improved immensely (Campbell 1998).

Specific causes of postharvest losses of fruits

and vegetables may be classed as parasitic,
nonparasitic, or physical (Cappellini and Ceponis
1984).This chapter deals with the parasitic causes
that are of microbiological origin that begin as

latent infections before harvest or occur at harvest
or afterward during storage. Fungi are more
commonly found attacking fruit, and bacteria

are more common as postharvest pathogens of
vegetables. This chapter will provide a general
overview of the subject touching on noteworthy
research where it can be used to illustrate
postharvest pathology. The reader is encouraged to
consult the references for specific information on
the topics that are covered.

Factors that Influence Postharvest
Pathology

Postharvest losses vary each year. Prevailing
weather while the crop is growing and at harvest
contribute greatly to the possibility of decay.
Certain cultivars are more prone than others to
decay caused by specific pathogens. Resistance
of major apple cultivars to the fungi that cause
blue mold, gray mold, bull’s-eye rot, and Mucor
rot depended on cultivar (Spotts et al. 1999).
Condition of the crop, as determined by fertilizer
and soil factors, is very important in susceptibility
of the crop to disease. Maturity of the crop at
harvest, handling, and type of storage have great
influence on how long the crop can be stored
without decay. The following sections address
how these preharvest factors lead to disease in
specific crops.

Weather. Weather affects many factors related
to plant diseases, from the amount of inoculum
that overwinters successfully to the amount of
pesticide residue that remains on the crop at
harvest (Conway 1984). Abundant inoculum

and favorable conditions for infection during the
season often result in heavy infection by the time
the produce is harvested. For example, conidia
of the fungus that causes bull’s-eye rot are rain-
dispersed from cankers and infected bark to fruit,
especially if rainfall is prolonged near harvest
time, resulting in rotten fruit in cold storage
several months later (Spotts 1990).

Pinpoint or storage scab of apple caused by the
same fungus that causes apple scab and gray mold
caused by the fungus Botrytis cinerea are also
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very much influenced by the weather. Storage
scab only occurs in years with unusually wet
summers and early falls, when the fruit remain wet
for a day or more. These late-season infections
may not become visible until the apples are in
storage (Pierson et al. 1971). Flowers and fruit
are most vulnerable to Botrytis cinerea infection
when conditions are wet. For example, in grapes
infection occurs at 15 to 20 °C (59 to 68 °F) in
the presence of free water after approximately
15 h (Bulit and Dubos 1988). In wet seasons,
strawberries and raspberries may be harvested in
apparently sound condition only to decay during
transit and marketing (Snowdon 1990).

Postharvest decay involves further development of
preharvest infections together with new infections
arising from germination of spores on the fruit
surface. From these examples it is apparent that
decay often has a weather component, making
thorough weather records an important source

of information for predicting possible decay in
storage.

Physiological Condition. Condition of produce
at harvest determines how long the crop can be
safely stored. For example, apples are picked
mature but preclimacteric to ensure that they can
be stored safely for several months. The onset

of ripening and senescence in various fruit and
vegetables renders them more susceptible to
infection by pathogens (Kader 1985). On the other
hand, fruit and vegetables can be made less prone
to decay by management of crop nutrition. For
example, calcium has been more closely related to
disease resistance than any other cation associated
with the cell wall (Sams 1994).

In a study on the effect of increased flesh calcium
content of apples in storage, fruit were treated
with solutions of CaCl, by dipping, vacuum, or
pressure infiltration. Both vacuum and pressure
infiltration increased calcium content of the fruit
sufficiently to significantly reduce decay (Conway
1982). Increased calcium contents in potatoes
and peaches have also been documented with
reduced postharvest decay (Conway 1989). In
general, produce containing adequate levels of
calcium do not develop physiological disorders
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and can be stored longer before they breakdown
or decay. Conversely, high nitrogen content in
fruit predisposes them to decay (Conway 1984).
In pears, it has been found that management

of trees for low nitrogen and high calcium in

the fruit reduced severity of postharvest fungal
decay (Sugar et al. 1992). Apple cultivars can

be selected for resistance to certain postharvest
diseases (Spotts et al. 1999). For example, ‘Royal
Gala’ is extremely resistant to wound pathogens,
‘Granny Smith’ to skin punctures, and ‘Braeburn’
to infiltration of fungal spores into the core.

Fungicide Sprays. Certain preharvest sprays

are known to reduce decay in storage. Several
studies done on the effectiveness of preharvest
ziram fungicide application on pome fruit

showed an average reduction in decay of about

25 to 50% with a single spray (Sugar and Spotts
1995). Iprodione was used for several years as a
preharvest spray 1 day before harvest to prevent
infection of stone fruit by Monilinia spp. In
combination with wax and/or oil, its decay control
spectrum is increased and it will also control
postharvest fungi such as Rhizopus and Alternaria
(Ogawa et al. 1992). Cyprodinil prevented gray
mold infection in apple 3 months after it was
applied (Sholberg and Bedford 1999). The new
class of strobilurin fungicides promises to provide
postharvest control of several diseases in fruits
and vegetables, is especially effective against fruit
scab on apples, and should reduce the presence of
pinpoint scab in storage.

Packing Sanitation. It is important to maintain
sanitary conditions in all areas where produce is
packed. Organic matter (culls, extraneous plant
parts, and soil) can act as substrates for decay-
causing pathogens. For example, in apple and
pear packinghouses, the flumes and dump tank
accumulate spores (Blanpied and Purnasiri 1968)
and may act as sources of contamination if steps
are not taken to destroy or remove them.

Chlorine readily kills microorganisms suspended
in dump tanks and flumes if the amount of
available chlorine is adequate. A level of 50 to
100 ppm of active chlorine provides excellent



fungicidal activity (Spotts and Peters 1980).
Chlorine measured as hypochlorous acid can

be obtained by adding chlorine gas, sodium
hypochlorite, or dry calcium hypochlorite. Though
chlorine effectively kills spores in water, it does
not protect wounded tissue against subsequent
infection from spores lodged in wounds. Organic
matter in the water inactivates chlorine, and levels
of chlorine must be constantly monitored. The use
of a sand filter in association with chlorination
improves its efficiency probably because it
removes organic matter (Sholberg and Owen
1990). Chlorine is sensitive to pH (Dychdala
1983): Hypochlorite solutions with higher pH
values (7.5 to 8.5) are more stable but less
fungicidal, whereas at lower pH values (5.5 to 6.5)
the solutions are less stable but more fungicidal.

Chlorine dioxide can replace hypochlorite in
some sanitizing processes, because several
disadvantages limit the use of chlorine, including
its unpleasant odor. Chlorine dioxide is not
corrosive and is effective over a wide pH range
(Spotts and Peters 1980). Recently in precisely
controlled tests in water or as a foam, chlorine
dioxide was found to be effective against common
postharvest decay fungi on fruit packinghouse
surfaces (Roberts and Reymond 1994). Peracetic
acid is another material that could be used (Mari
et al. 1999). It has greater stability and faster
biocidal properties than chlorine dioxide but is
more corrosive.

The search goes on for effective and economical
sanitizing agents. New and old products alike are
continually being evaluated under present-day
packing operations. Interest in ozone has been
rekindled with development of more efficient
ozone generators. Acetic acid in the form of a gas
can be used as a sanitizing agent on several crops
(Sholberg 1998). It was as effective as SO, in
preventing gray mold decay in table grapes stored
for 2 months (Sholberg et al. 1996).

Postharvest Treatments. Products or treatments
used to control postharvest decay can be classified
as either chemical or biological and should be
selected only after proper consideration of the

following conditions (Ogawa and Manji 1984):
* Type of pathogen involved in the decay
* Location of the pathogen in the produce
* Best time for application of the treatment
» Maturity of the host
» Environment during storage, transportation,
and marketing of produce

Chemical Control

Several fungicides are currently used as
postharvest treatments for control of a wide
spectrum of decay-causing microorganisms.
However, when compared with preharvest pest-
control products, the number is very small. Many
products formerly used after harvest are no longer
permitted because of concerns with residues and
possible toxic effects, the most notable being
products that contain benomyl. Other products are
no longer as effective because of development of
resistance by the target pathogen. For example,
intensive and continuous use of fungicides for
control of blue and green mold on citrus has led
to resistance by the causal pathogens of these
diseases (Eckert 1988). Resistance has been
reported in many other crops to several different
fungicides with different modes of action (Delp
1988). Resistance development continues to

be a major problem and has resulted in the
Fungicide Resistance Action Committee (FRAC),
a cooperative effort among various producers of
fungicides to delay resistance by recommending
specific management guidelines (FRAC 1998).

Examples of chemicals currently used for
postharvest treatments are thiabendazole,
dichloran, and imazalil. However, resistance

to thiabendazole and imazalil is widespread
(Holmes and Eckert 1999), and their use as
effective materials is declining. Preservatives or
antimicrobial food additives are not generally
thought of as postharvest treatments, but they do
control decay and, in some cases, are the only
means of control. These products include sodium
benzoate, the parabens, sorbic acid, propionic
acid, SO, acetic acid, nitrites and nitrates, and
antibiotics such as nisin (Chichester and Tanner
1972). In California, for example, gray mold of
stored table grapes is prevented by fumigation
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with SO, (Luvisi et al. 1992). The demand for
new postharvest fungicide treatments is strong,
especially since the loss of iprodione in 1996.

Fludioxinil was granted an emergency registration
in 1998 to curb potential losses in nectarines,
peaches, and plums (Forster and Adaskaveg
1999). Not all postharvest pathogens are currently
controlled by materials that are available. For
example, Mucor piriformis, a major postharvest
pathogen of apples and winter pears in the Pacific
Northwest is not controlled by any registered
fungicide (Spotts and Dobson 1989). There is a
dire need for new fungicide treatments that could
in part be alleviated by using biological control
agents (Wisniewski and Wilson 1992, Utkhede
and Sholberg 1993).

Biological Control

Postharvest biological control is an approach
that offers several advantages over conventional
biological control (Wilson and Pusey 1985, Pusey
1996), such as the following:
» Exact environmental conditions can be
established and maintained.
 The biocontrol agent can be targeted much
more efficiently
* Expensive control procedures are cost
effective on harvested food.

Several biological control agents have been
developed, and a few have actually been
registered for use on fruit crops. The first
biological control agent developed for postharvest
use was a strain of Bacillus subtilis (Pusey

and Wilson 1984). It controlled peach brown
rot, but when a commercial formulation of the
bacterium was made, adequate disease control
was not obtained (Pusey 1989). More recently,
a strain of Pseudomonas syringae van Hall was
found that controlled both blue and gray mold
of pome fruit (Janisiewicz and Marchi 1992).

It was subsequently registered and is now sold
commercially for postharvest disease control
(Janisiewicz and Jeffers 1997).
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Other bacterial microorganisms have been
developed for postharvest disease control.

For example, strains of Bacillus pumilus and
Pseudomonas fluorescens have been identified that
exhibit successful control of B. cinerea in field
trials of strawberry (Swalding and Jeffries 1998).
Yeasts such as Pichia guilliermondii (Wisniewski
et al. 1991) and Cryptoccocus laurentii, which
occur naturally on apple leaves, buds, and fruit
(Roberts 1990), were the first to be applied for
control of postharvest decay on fruit. The yeast
Candida oleophilia has been registered for control
of postharvest decay on fruit crops. The yeasts
Cryptococcus infirmo-minutus and Candida sake
successfully control brown rot and blue mold on
sweet cherry (Spotts et al. 1998) and on three
diseases of apple (Vinas et al. 1998), respectively.

Though there is no doubt that biocontrols are
effective, they do not always give consistent
results. This could be because biocontrol efficacy
is directly affected by the amount of pathogen
inoculum present (Roberts 1994). Compatibility
with chemicals used during handling is also
important. Indications are that biological control
agents must be combined with other strategies if
they are to provide acceptable disease control.

Irradiation for Postharvest Decay Control

Though ultraviolet light has a lethal effect on
bacteria and fungi that are exposed to the direct
rays, there is no evidence that it reduces decay of
packaged fruits and vegetables (Hardenburg et al.
1986). Low doses of ultraviolet light irradiation
(254 nm UV-C) reduced postharvest brown rot

of peaches (Stevens et al. 1998). In this case, the
low-dose ultraviolet light treatments had two
effects on brown rot development: reduction in the
inoculum of the pathogen and induced resistance
in the host. However, it has not become a practical
postharvest treatment as yet and requires more
research.

Gamma radiation has been studied for controlling
decay, disinfecting, and extending the storage

life and shelf-life of fresh fruits and vegetables.
Dosages of 1.5 to 2 kilograys (kGy) and, in some



cases, 3.0 kGy (300 krad) have been effective in
controlling decay in several products (Hardenburg
et al. 1986). A dose of 250 grays (Gy) has an
adverse effect on grapefruits, increasing skin
pitting, scald, and decay. Low doses of 150 Gy
for fruit flies and 250 Gy for codling moth are
acceptable quarantine procedures (Meheriuk

and Gaunce 1994). Commercial application

of gamma radiation is limited by the cost and

size of equipment needed for treatment and by
uncertainty about consumers’ acceptance of
irradiated foods (Hardenburg et al. 1986). Gamma
irradiation may be used more in the future once
methyl bromide is no longer available to control
insect infestation in stored products. All uses of
methyl bromide are being phased out to avoid any
further damage to the protective layer of ozone
surrounding the earth.

Effect of Storage Environment on Postharvest
Decay

Commercial producers and handlers modify
temperature, RH, and atmospheric composition
during prestorage, storage, and transit to control
decay (Spotts 1984). For optimum decay
control, two or more factors often are modified
simultaneously.

Temperature and RH. Proper management of
temperature is so critical to postharvest disease
control that all other treatments can be considered
as supplements to refrigeration (Sommer 1989).
Fruit rot fungi generally grow optimally at 20

to 25 °C (68 to 77 °F) and can be conveniently
divided into those with a growth minimum of 5
to 10 °C (41 to 50 °F) and those with a growth
minimum of -6 to 0 °C (21 to 32 °F). Fungi with
a minimum growth temperature below -2 °C (28
°F) cannot be completely stopped by refrigeration
without freezing the fruit. However, temperatures
as low as possible are desirable because they
significantly slow growth and thus reduce decay.

High temperature may be used to control
postharvest decay on crops that are injured by
low temperatures, such as mango, papaya, pepper,
and tomato (Spotts 1984). Though hot water

generally is more effective, hot air has been used
to control decay in crops that are injured by hot
water. Heating of pears at temperatures from 21
to 38 °C (70 to 100 °F) for 1 to 7 days reduced
postharvest decay (Spotts and Chen 1987). Decay
in ‘Golden Delicious’ apples was reduced by
exposure to 38 °C (100 °F) for 4 days (Sams et al.
1993) and virtually eliminated when treated after
inoculation (Fallik et al. 1995, Klien et al. 1997).
Heat treatment eliminates incipient infections and
improves coverage by fungicides (Couey 1989).
The primary obstacle to the widespread use of
heat to control postharvest fruit diseases or insect
infestation is the sensitivity of many fruit to the
temperatures required for effective treatment.

Both low and high RH have been related to
postharvest decay control. Perforated polyethylene
bags for fruit and vegetable storage create RH
about 5 to 10% above that in storage rooms.
Though shrivel and weight loss are reduced,
decay may increase (Spotts 1984). Crops with
well-developed cuticle and epidermis, such as
apples and pears, tolerate lower RH levels, which
helps prevent storage decay. Often fungal spore
germination is inhibited at low RH, and small
differences in RH can have significant effects in
relation to the degree of postharvest decay (Spotts
and Peters 1981).

Modified or Controlled Atmospheres.
Alterations in O, and CO, concentrations are
sometimes provided around fruit and vegetables
(Spotts 1984). With close control of these gases,
the synthetic atmosphere is commonly called

a “controlled atmosphere”; the term “modified
atmosphere” is used when there is little possibility
of adjusting gas composition during storage

or transportation (Sommer 1989). Because the
pathogen respires as does produce, lowering O,
or raising CO, above 5% can suppress pathogenic
growth in the host. In crops such as stone fruits, a
direct suppression occurs when fungal respiration
and growth are reduced by the high CO, of the
modified atmosphere. For example, CO, added to
air has been widely used in the transport of ‘Bing’
cherries, primarily to suppress gray mold and
brown rot. Low O, does not appreciably suppress
fungal growth until the concentration falls below
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2%. Important growth reductions result if O, is
lowered to 1% or less, though there is a danger
that the crop will start respiring anaerobically and
develop off flavors. Other technologies that have
been tested for lowering postharvest decay with
limited success are storage and transport under
low O, and the use of carbon monoxide (Spotts
1984, Sommer 1989).

Postharvest Diseases of Fruits

Fruit crops are attacked by a wide range of
microorganisms in the postharvest phase
(Snowdon 1990, Ogawa and English 1991). Actual
disease only occurs when the attacking pathogen
starts to actively grow in the host. Diseases are
loosely classified according to their signs and
symptoms. Signs are visible growths of the causal
agents, and symptoms the discernible responses
produced by the host. In many diseases there is
local discoloration and disruption of tissue, with
the formation of obvious lesions. Postharvest
diseases are caused primarily by microscopic
bacteria and fungi, with fungi the most important
causal agent in fruit crops.

Fungi are further subdivided into classes and

are described as “lower fungi” (characterized

by the production of sporangia giving rise to
numerous sporangiospores) or “higher fungi”
(described as ascomycetes, deuteromycetes, and
basidiomycetes.) Ascomycetes are exemplified

by fruiting bodies that release sexual spores when
mature. Deuteromycetes, a form of ascomycete,
only release asexual spores. They are more
common than the sexual ascomycete stage in
postharvest crops. Deuteromycetes are further
subdivided into hyphomycetes and coelomycetes
based on spore and structural characteristics. The
agonomycetes contain important soil pathogens
that form survival structures known as “sclerotia,”
which allow them to survive in the absence of the
host. These fungi and the rust and smut fungi are
examples of basidiomycetes. Table 1 lists many
important diseases of fruit crops according to host
and causal agents.
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Postharvest Diseases of Vegetables

Postharvest diseases of vegetables are caused by
microscopic fungi and bacteria (Snowdon 1992,
Howard et al. 1994). Bacteria are more common
as pathogens of vegetables than fruit because,

in general, vegetables are less acidic than fruit.
Bacteria are visible under the light microscope
as mostly single-celled rods. Bacteria are capable
of very rapid multiplication under the right
conditions of pH, temperature, and nutrition.
They are classified according to their size,

shape, reaction to certain stains, and behavior on
various growth media (Krieg and Holt 1984). The
term “vegetable” encompasses a range of plant
parts, and the common definition is a culinary
one, denoting consumption as a savory rather
than as a dessert food (Snowdon 1992). Many
vegetables are fruits in the botanical sense, notable
examples being tomatoes, peppers, squashes, and
cucumbers. Table 2 lists many of the important
diseases of vegetable crops according to host and
causal agents.



Table 1. Important postharvest diseases of fruit

Fruit Disease Causal agent Fungal class/type
Avocado Anthracnose Glomerella cingulata Pyrenomycete
Cercospora spot Pseudocercospora purpurea Hyphomycete
Dothiorella rot Botryosphaeria ribis Loculoascomycete
Scab Sphaceloma persae Coleomycete
Stem-end rots B. theobromae, Deuteromycetes
Phomopsis perseae,
Thyronectria pseudotrichia
Banana Anthracnose Colletotrichum musae Coelomycete
Cigar-end rot Trachysphaera fructigena, = Deuteromycetes
Verticillium theobromae
Crown rot C. musae, Deuteromycetes
Fusarium pallidoroseum,
V. theobromae
Finger rot B. theobromae Coelomycete
Pitting disease Pyricularia grisea Hyphomycete
Sigatoka disease Mycosphaerella spp. Loculoascomycete
Berries Gray mold Botrytis cinerea Hyphomycete
Leak Mucor spp. Zygomycete
Leather rot Phytophthora spp. Oomycete
Citrus Alternaria rot Alternaria spp. Hyphomycete
Anthracnose C. gloeosporioides Coelomycete
Bacterial canker Xanthomonas campestris Bacterium
Black pit Pseudomonas syringae Bacterium
Black spot Phyllosticta citricarpa Coelomycete
Blue mold Penicillium italicum Hyphomycete
Brown rot Phytophthora spp. Oomycete
Greasy spot Mycosphaerella citri Loculoascomycete
Green mold P. digitatum Hyphomycete
Scab Elsinoe fawcettii Loculoascomycete
Sour rot Geotrichum candidum Hyphomycete
Stem-end rots D. gregaria, Coelomycete
Phomaopsis citri,
B. theobromae
Kiwifruit Gray mold B. cinerea Hyphomycete
Grape Aspergillus rot Aspergillus niger Hyphomycete
Blue mold Penicillium spp. Hyphomycete
Gray mold B. cinerea Hyphomycete
Rhizopus rot Rhizopus spp. Zygomycete

117



Table 1. Important postharvest diseases of fruit—Continued

Fruit Disease Causal agent Fungal class/type
Mango Anthracnose C. gloeosporioides Coelomycete
Botryodiplodia rot B. theobromae Coelomycete
Stem-end rots B. theobromae, Coelomycete
Phomopsis spp.
Papaya Anthracnose C. gloeosporioides Coelomycete
Black rot Phoma caricae-papayae Coelomycete
Phytophthora rot P. palmivora Oomycete
Rhizopus rot R. stolonifer Zygomycete
Stem-end rot B. theobromae, Coelomycete
Phomopsis spp.
Pineapple Black rot Thielaviopsis paradoxa Hyphomycete
Fruitlet core rot Fusarium moniliforme, Hyphomycete
P. funiculosum
Pome fruit Bitter rot C. gloeosporioides Coelomycete
(apple, pear) Black rot Sphaeropsis malorum Coelomycete
Blue mold Penicillium expansum, Hyphomycete
Penicillium spp.
Brown rot Monilinia spp. Hyphomycete
Bull’s-eye rot Cryptosporiopsis curvispora Hyphomycete
Gray mold B. cinerea Hyphomycete
Moldy core Alternaria spp., others Hyphomycete
Mucor rot Mucor piriformis Zygomycete
White rot D. gregaria Coelomycete
Stone fruit Alternaria rot A. alternata Hyphomycete
(cherry, etc.) Blue mold P. expansum Hyphomycete
Brown rot Monilinia spp. Hyphomycete
Rhizopus rot Rhizopus spp. Zygomycete
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Table 2. Important postharvest diseases of vegetables

Crucifers
(cabbage, etc.)

Cucurbits

(cucumber, etc.)

Legumes
(peas, beans)

Smudge

Alternaria leaf spot
Bacterial soft rot
Black rot

Downy mildew
Rhizoctonia rot
Ring spot

Virus diseases

Watery soft rot
White blister

Anthracnose
Bacterial soft rot
Black rot
Botryodiplodia rot
Charcoal rot
Fusarium rot
Leak

Rhizopus rot
Sclerotium rot
Soil rot

Alternaria blight
Anthracnose
Ascochyta pod spot
Bacterial blight

Chocolate spot
Cottony leak

Rust
Sclerotium rot
Soil rot
White mold

Colletotrichum circinans

Alternaria spp.

E. caratovora
Xanthomonas campestris
Peronospora parasitica
Rhizoctonia solani

Mycosphaerella brassicicola

Cauliflower mosaic virus,
turnip mosaic virus

Sclerotinia spp.

Albugo candida

Colletotrichum spp.
Erwinia spp.

Didymella bryoniae
Botryodiplodia theobromae
Macrophomina phaseolina
Fusarium spp.

Pythium spp.

Rhizopus spp.

Sclerotium rolfsii

R. solani

A. alternata

Colletotrichum spp.

Ascochyta spp.

Pseudomonas spp.,
Xanthomonas spp.

B. cinerea

Pythium spp.,
Mycosphaerella blight,
M. pinodes

Uromyces spp.

S. rolfsii

R. solani

Sclerotinia spp.

Vegetable Disease Causal Agent Fungal Class/Type
Bulbs Bacterial soft rot Erwinia caratovora Bacterium
(onion, garlic) Black rot Aspergillus niger Hyphomycete
Blue mold rot Penicillium spp. Hyphomycete
Fusarium basal rot Fusarium oxysporum Hyphomycete
Neck rot Botrytis spp. Hyphomycete
Purple blotch Alternaria porri Hyphomycete
Sclerotium rot Sclerotium rolfsii Agonomycete

Coelomycete

Hyphomycete
Bacterium

Bacterium

Oomycete
Agonomycete
Loculoascomycete
Virus

Discomycete
Oomycete

Coelomycete
Bacterium
Loculoascomycete
Coelomycete
Coelomycete
Hyphomycete
Oomycete
Zygomycete
Agonomycete
Agonomycete

Hyphomycete
Coelomycete
Coelomycete
Bacteria

Hyphomycete
Oomycete

Loculoascomycete
Hemibasidiomycete
Agonomycete
Agonomycete
Discomycete
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Table 2. Important postharvest diseases of vegetables—Continued

Vegetable Disease Causal Agent Fungal Class/Type
Roots/tubers
Carrots Bacterial soft rot Erwinia spp., Bacteria
Pseudomonas spp.
Black rot A. radicina Hyphomycete
Cavity spot Disease complex Soil fungi
Chalaropsis rot Chalara spp. Hyphomycete
Crater rot R. carotae Agonomycete
Gray mold rot B. cinerea Hyphomycete
Sclerotium rot S. rolfsii Agonomycete
Watery soft rot Sclerotinia spp. Discomycete
Potatoes Bacterial soft rot Erwinia spp. Bacteria
Blight Phytophthora infestans Oomycete
Charcoal rot S. bataticola Agonomycete
Common scab Streptomyces scabies Actinomycete
Fusarium rot Fusarium spp. Hyphomycete
Gangrene Phoma exigua Coelomycete
Ring rot Clavibacter michiganensis Bacterium
Sclerotium rot S. rolfsii Agonomycete
Silver scurf Helminthosporium solani  Hyphomycete
Watery wound rot Pythium spp. Oomycete
Sweet potatoes Black rot Ceratocystis fimbriata Pyrenomycete
Fusarium rot Fusarium spp. Hyphomycete
Rhizopus rot Rhizopus spp. Zygomycete
Soil rot Streptomyces ipomoeae Actinomycete
Scurf Monilochaetes infuscans ~ Hyphomycete
Solanaceous plants Alternaria rot A. alternata Hyphomycete
(tomato, pepper, Anthracnose Colletotrichum spp. Coelomycete
eggplant) Bacterial canker C. michiganensis Bacterium
Bacterial speck Pseudomonas syringae Bacterium
Bacterial spot X. campestris Bacterium
Fusarium rot Fusarium spp. Hyphomycete
Gray mold rot B. cinerea Hyphomycete
Late blight P. infestans Oomycete
Phoma rot Phoma lycopersici Hyphomycete
Phomopsis rot Phomopsis spp. Coelomycete
Phytophthora rot Phytophthora spp. Oomycete
Pleospora rot Stemphylium herbarum Hyphomycete
Rhizopus rot Rhizopus spp. Zygomycetes
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Table 2. Important postharvest diseases of vegetables—Continued

Vegetable Disease Causal Agent Fungal Class/Type
Sclerotium rot S. rolfsii Agonomycete
Soil rot R. solani Agonomycete
Sour rot Geotrichum candidum Hyphomycete
Watery soft rot Sclerotinia spp. Discomycete
Miscellaneous
Artichokes Gray mold Botrytis cinerea Hyphomycete
Watery soft rot Sclerotinia sclerotiorum  Discomycete
Asparagus Bacterial soft rot Erwinia or Pseudomonas  Bacteria
spp.
Fusarium rot Fusarium spp. Hyphomycete
Phytophthora rot Phytophthora spp. Oomycete
Purple spot Stemphylium spp. Hyphomycete
Celery Bacterial soft rot Erwinia or Pseudomonas  Bacteria
spp.
Brown spot Cephalosporium apii Hyphomycete
Cercospora spot Cercospora apii Hyphomycete
Gray mold Botrytis cinerea Hyphomycete
Licorice rot Mycocentrospora acerina  Hyphomycete
Phoma rot Phoma apiicola Coelomycete
Pink rot Sclerotinia spp. Discomycete
Septoria spot Septoria apiicola Coelomycete
Lettuce Bacterial rot Erwinia, Pseudomonas, Bacteria
Xanthomonas spp.
Gray mold rot B. cinerea Hyphomycete
Rhizoctonia rot R. solani Agonomycete
Ringspot Microdochium Hyphomycete

Septoria spot
Stemphylium spot
Watery soft rot

panattonianum
S. lactucae
Stemphylium herbarum
Sclerotinia spp.

Coelomycete
Hyphomycete
Discomycete
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New Directions for Postharvest Plant
Pathology

Postharvest plant pathology has changed its
emphasis in the last decade. Food safety has
emerged as a key element in decay control
programs. Continued failure to effectively control
certain postharvest diseases and the need for more
environmentally friendly crop control materials
require a new approach to disease control.
Integrated postharvest decay control is the concept
that offers the most promise for the future. Society
can no longer rely on one or two control strategies
but must enlist the entire spectrum of strategies to
reduce postharvest losses.

Food Safety Issues

The two most important causes of unsafe food are
microbial toxins (Hsieh and Gruenwedel 1990)
and contamination of horticultural products by
fecal coliforms (Gould 1973). The microbial
toxins can be subdivided into bacterial toxins

and toxins produced by fungi or mycotoxins. An
example of a microbial toxin that is extremely
toxic are the botulinum toxins produced by the
anaerobic bacterium Clostridium botulinum.

Interest in toxins produced by fungi was
stimulated by the death of 100,000 turkey poults
in England in 1960. Aflatoxins produced by fungi
in the peanut meal used to feed the birds was

the cause. Studies have since shown aflatoxins

to be potent carcinogens that may occur in nuts
and grain (Phillips 1984, Ellis et al. 1991). Other
toxins have been identified that are produced by
the same fungi that cause postharvest decay. For
example, patulin produced by Penicillium and
Aspergillis spp. can be found in apple and pear
products. Patulin is toxic to many biological
systems but its role in causing animal and human
disease is unclear (Hsieh and Gruenwedel 1990).

Studies on contamination of horticultural products
by fecal coliforms has increased dramatically
because of documented incidences of food
poisoning from apple juice and seed sprouts.
Definite interactions have been shown between
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plant pathogens and foodborne human pathogens
such as Salmonella and Listeria. A study involving
more than 400 samples each of healthy and soft-
rotted commodities collected in retail markets
indicated that the presence of Salmonella on
produce affected by bacterial soft rot was twice
that of healthy samples (Wells and Butterfield
1997). Controlled experiments with potato,
carrot, and pepper tissues inoculated with a strain
of Salmonella confirmed that bacterial soft rot
infection increased multiplication of Salmonella
by at least three- to ten-fold compared with
multiplication on uninfected tissues. Similarly,
populations of Listeria monocytogenes, inoculated
into decayed apple tissue, continually increased
on fruit decayed by Glomerella cingulata but

did not survive after 5 days on fruit decayed by
Penicillium expansum (Conway et al. 2000). The
pH of the decayed area declined from pH 4.7 to
3.7 in the case of P. expansum but increased from
pH 4.7 to 7.0 in the case of G. cingulata. This
pH modification may be responsible for affecting
growth of the foodborne pathogen.

Contamination of produce with human pathogens
Is an important issue that must be addressed
along with limiting decay caused by postharvest
pathogens and maintaining product quality.

Integrated Control of Postharvest
Diseases

Effective and consistent control of storage
diseases depends on integration of the following
practices:
* Select disease-resistant cultivars where
possible.
* Maintain correct crop nutrition by use of leaf
and soil analysis.
* Irrigate based on crop requirements and
avoid overhead irrigation.
* Apply preharvest treatments to control
insects and diseases.
* Harvest crop at the correct maturity for
storage.
* Apply postharvest treatments to disinfest and
control diseases and disorders on produce.



* Maintain good sanitation in packing areas
and keep dump-water free of contamination.

* Store produce under conditions least
conducive to growth of pathogens.

Integration of cultural methods and biological
treatments with yeast biocontrols has been
studied on pears (Sugar et al. 1994). It was found
that early harvest, low fruit nitrogen, high fruit
calcium, yeast or yeast plus fungicide treatment,
and controlled atmosphere storage all reduced
severity of blue mold and side rot. These results
demonstrated that unrelated cultural and biological
methods that influenced pear decay susceptibility
can be combined into an integrated program to
substantially reduce decay.

In another example of an integrated strategy,
‘Gala’ apples were heat-treated at 38 °C (100 °F)
for 4 days, followed by calcium infiltration with
2% CaCl,, and then treated with the microbial
antagonist, Pseudomonas syringae (Conway

et al. 1999). The combined strategy was much
more effective than any single strategy for two
reasons. First, heat treatment reduced the pathogen
population on the fruit surface but did not provide
any residual protection. Second, the residual
protection was provided by calcium, and the
biocontrol agent added to the control provided by
the heat treatment.

As a general rule, alternatives to chemical control
are often less effective than many fungicides.

It is highly unlikely that any one alternative
method alone will give the same level of control
as fungicides. Therefore, it will generally be
necessary to combine several alternative methods
to develop an integrated strategy to successfully
reduce postharvest decay.
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Introduction

The quality of fresh produce has traditionally
been based on external characteristics of size,
color, and absence of surface defects. Fruit and
vegetable breeders select for color, size, disease
resistance, yield, and other easily quantified
horticultural traits. Because flavor and texture
characteristics were not a part of the selection
process, improvements in these quality attributes
have not kept pace with the more easily quantified
traits. Public and industry organizations are
increasingly concerned with the public’s growing
dissatisfaction over the flavor and texture of some
horticultural produce.

Flavor and aroma are perhaps the most elusive
and subjective of quality traits. Flavor is taste
plus odor and is mainly composed of sweetness,
sourness, and aroma, which correspond to
sugars, acids, and volatiles. Other components
of flavor include bitterness related, for example,
to sesquiterpene lactones in chicory (Peters and
Amerongen 1998), saltiness due to various natural
salts, and astringency related to flavonoids,
alkaloids (DeRovira 1997), tannins (Taylor
1993), and other factors. The perception of
sweetness—that is, sugars—one of the most
important components of fruit or vegetable
flavor, is modified by sourness or acid levels and
aroma compounds. The contribution of aroma

to the flavor quality of fresh produce has gained
increasing attention.

128

Genetics is the primary determinant of flavor of
fresh produce (Cunningham et al. 1985, Baldwin
etal. 1991b, 1992), with preharvest environment
(Romani et al. 1983), cultural practices (Wright
and Harris 1985), harvest maturity (Fellman et
al. 1993, Maul et al. 1998, Baldwin et al. 1999a),
and postharvest handling (Mattheis et al. 1995;
Fellman et al. 1993; Baldwin et al. 1999a,b)
having lesser effect. Fruit such as apples and
bananas that continue to ripen after harvest are
termed climacteric, while those such as citrus
and strawberries that do not ripen after harvest
are termed nonclimacteric. The flavor quality

of nonclimacteric fruit generally declines after
harvest, while climacteric fruit can reach their
best flavor after harvest. Climacteric fruit develop
better quality if harvested after the start of
ripening, while fruit of both will be inferior in
quality if harvested immature, even if held under
optimal postharvest conditions.

Human perception of flavor is exceedingly
complex. Taste is the detection of nonvolatile
compounds (in concentration of parts per hundred)
by several types of receptors in the tongue for
sugars or polyalcohols, hydronium ions, sodium
ions, glucosides and alkaloids, etc. These
correspond to the perception of sweet, sour, salty
and bitter tastes in food. Aroma compounds can

be detected in parts-per-billion concentrations and
are detected by olfactory nerve endings in the nose
(DeRovira 1997). The brain processes information
from these senses to give an integrated flavor
experience. This integration makes it difficult to
determine the relative importance of each input
since the brain can interpret changes in aroma as
changes in taste (O’Mahony 1995) or vice versa.
For example, the levels of aroma compounds
influenced panelist perception of sweetness and
sourness for tomatoes (Lycopersicon esculentum
Mill.) (Baldwin et al. 1998). Conversely, levels of
taste components influenced panelist perception of
aromatic descriptors in mango (Mangifera indica
L.) (Malundo et al. 2000a). The perception of
certain combinations of chemicals is synergistic,
while others combinations mute our perception

in a process called masking. In contrast to



masking is anesthetization or blanking, in which
olfactory receptors become overloaded. Lighter-
aroma volatiles (for example, top notes—Ilow
molecular weight, polar, hydrophilic compounds)
are perceived first and generally have the major
impact on perception, while heavier compounds
are perceived later: for example, background
notes—high molecular weight, nonpolar,
hydrophobic compounds (DeRovira 1997).

Sensory Evaluation

Human perception of flavor can be determined
by sensory evaluation by taste panels.

Consumer preference and acceptance vary due
to socioeconomic, ethnic, and geographical
background, often necessitating the segmenting of
subpopulations for a particular study (O’Mahony
1995). Generally a large number of panelists (for
example, 50 to 100) rank their perceptions on a
traditional 9-point hedonic scale, but sometimes
a simple 3-point scale including the descriptive
terms outstanding, acceptable, and unacceptable
can be effective for tomato fruit evaluation. In
one study, adaptation of logistic regression from
medical science proved useful, in whicha 0

or 1 indicates whether the consumer would or
would not purchase a mango (Mangifera indica).
The consumer was asked to base their decision
on flavor, which was then related to chemical
constituents (Malundo et al. 2000b). Difference
testing can be used to measure slight differences
between foods (usually due to one particular
aspect of flavor) and is considered a narrow-
band approach. Descriptive analysis measures
intensities of a set of sensory attributes and is
considered a broadband approach (O’Mahony
1995). Panelists are trained to detect a range

of flavor attributes and score their intensity,
generally on a 150 mm unstructured line. Sensory
studies for fresh produce can be used to identify
optimal harvest maturity, evaluate flavor quality
in breeding programs, determine optimal storage
and handling conditions, assess effects of
disinfestation or preconditioning techniques on
flavor quality, and measure flavor quality over the
postharvest life of a product.

Taste Components

Fructose, sucrose, and glucose are the sugars that
affect the perception of sweetness in fruits and
vegetables. Fructose is the sweetest, and glucose
is less sweet than sucrose. A single “sucrose
equivalent” value is the weighted average of these
various sugars in a sample (Koehler and Kays
1991). Sugar content is commonly accepted to be
synonymous with SSC (soluble solids content),
and an inexpensive refractometer can easily
measure SSC. However, the quantification of
individual sugars requires complicated laboratory
analysis. Breeders often select for higher SSC in
an attempt to increase sweetness. In some fruits,
such as orange (Citrus sinensis), SSC relates to
sweetness; while in others, such as tomato and
mango, the relationship is not linear (Baldwin et
al. 1998, 1999a, Malundo et al. 2000a).

Organic acids, such as citrate in citrus and
tomatoes, tartaric acid in grapes (Vitis sp.), and
malic acid in apples (Malus pumila), give fruit
and vegetables their sour flavor. Some fruits, like
melon (Cucumis melo) or banana (Musa sp.), have
very little acid (Wyllie et al. 1995). Different acids
can affect sourness perception, depending on their
chemical structure. An increase in carboxyl groups
decreased acidity, while an increase in molecular
weight or hydrophobicity increased sourness
(Hartwig and McDaniel 1995). For example,
acetic acid was perceived as more intensely sour
than lactic or citric acid.

Acids can be measured individually by HPLC
(Baldwin et al. 1991a,b), by titration (TA) with
sodium hydroxide (Jones and Scott 1984), or by
pH (Baldwin et al. 1998). Sometimes SSC, the
ratio of SSC/TA, or pH relate better to sourness
than TA itself (Baldwin et al. 1998, Malundo et al.
2000a).
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Aroma Components

\olatiles that we can perceive contribute to food
flavor. The level at which a compound can be
detected by smell (the odor threshold) can be
established in a background similar to a food
medium as described by the Ascending Method
of Limits of the American Society for Testing
and Materials (ASTM 1991). Log odor units are
calculated from the ratio of the concentration

of a component in a food to its odor threshold.

determined concentrations, odor thresholds, and
log odor units for those tomato volatiles present
at levels of 1 ppb or more (about 30 of > 400
identified compounds). However, the aroma
perception of volatile compounds is affected by
the medium of evaluation. For example, both
the thresholds and descriptors of some volatile
compounds in tomato were different if the
background medium contained levels of methanol
and ethanol similar to that found in fresh tomato
homogenate or in deodorized homogenate itself

Compounds with positive odor units contribute than if the medium was water (Tandon et al. 2000)

to food flavor. Buttery (1993), for example,

(table 1).

Table 1. Odor descriptors for tomato aroma compounds in deionized water,
ethanol/methanol/deionized water mix and deodorized tomato homogenate

Aroma compound

Deionized water

EtOH/MeOH/water

Tomato
homogenate

Hexanal grassy/green
Trans-2-hexenal floral/grass/apple
Cis-3-hexenol leafy/cut grass
Hexanol mint/grass
6-methyl-5-hepten-2-one  raw greens/nutty
Cis-3-hexenal grass/tomato-like
2-isobutylthiazole fermented/plastic
2-pentenal vine/organic solvent
Acetone glue/alcohol
-ionone sweet/perfume-like
Geranylacetone sweet/paint/sharp
3-methylbutanol earthy/watermelon rind
Phenylethanol floral/roses

3-methylbutanal
1-penten-3-one
Ethanol
Methanol

bug spray/alcohol
glue/oil/pungent
earthy/stale
earthy/stale

rancid/stale oil

stale/green/grassy

fruity/almond/vine stale/green/vine
fresh-cut grass green/celery
alcohol glue/oil
alcohol/paint sweet/floral
alcohol/paint tomato/citrus
alcohol/tomato-like pungent/bitter
acetone/medicine stale/oil
alcohol/nutty/spoilt green

sweet sweet/floral
sweet/floral/leafy sweet/citrus/ester
glue/mint/cinnamon sweet/fresh
alcohol alcohol/nutty
fruity/green/leafy stale/rotten
nutty/glue/alcohol fresh/sweet

pungent/rancid

Source: Tandon et al. 2000
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Aroma compounds are often only released

upon cell disruption when previously
compartmentalized enzymes and substrates
interact (Buttery 1993). Some aroma compounds
are bound to sugars as glycosides (celery

[Apium graveolens], lettuce [Lactuca sativa]),

or glucosinolates (cabbage [Brassica oleracea],
radish [Raphanus sativus]). This linkage can be
cleaved by enzyme action or heat during cooking.
Other aromatic compounds are breakdown
products of lipids, amino acids, lignin, or pigments
(Buttery and Ling 1993).

Measurement of aroma compounds is difficult
and time consuming. Earlier studies employed
the classical flavor isolation procedures of steam
distillation and solvent extraction (Teranishi and
Kint 1993). The disadvantage of this method

is that it can qualitatively and quantitatively
modify the flavor profile of a sample (Schamp
and Dirinck 1982). This method is not easily
applied to large numbers of samples, and internal
standards must be incorporated to determine
recovery. The resulting concentration of material,
however, allows identification of compounds by
gas chromatography-mass spectrometry (GC-
MS). Investigators have employed purge-and-trap
headspace sampling methods, which involve
trapping and concentrating volatile components
on a solid support. Volatiles are later released
from the trap using heat for analysis by GC-MS.
This method is excellent for quantification and

identification of aroma compounds (Schamp and
Dirinck 1982, Teranishi and Kint 1993).

Static headspace methods are said to more
closely reflect the true flavor profile; but
compounds are present at low levels, and some
may not be detected. Cryofocusing (cold trap) of
static headspace volatiles (Teranishsi and Kint
1993) reduces this problem, since samples are
concentrated without heating that may cause
adulteration. This method has been used for
quantification of orange juice volatiles (Moshonas
and Shaw 1997). The newest method is solid-
phase micro-extraction (SPME), a rapid sampling
technique in which volatiles interact with a fiber-
coated probe inserted into the sample headspace.
The probe is then transferred to a GC injection

port where the volatiles are desorbed. It has been
used on apples, tomatoes (Song et al. 1997), and

strawberries (Song et al. 1997, Golaszewski et al.
1998).

Aside from GC and GC-MS methods, there are
new sensors available that have a broad range of
selectivity. These sensor arrays, called “electronic
noses,” are useful to discriminate among samples
based on the interaction of volatile components
with the various sensors. The resulting

response pattern allows a particular sample or
flavor component(s) to be detected by pattern
recognition. However, these instruments do not
give information that leads to identification and
quantification of individual compounds. Five basic
sensor technologies have been commercialized

to date: metal oxide semiconductors, metal oxide
semiconductor field effect transistors, conducting
organic polymers, piezoelectric crystals (bulk
acoustic wave), and quartz crystal microbalance.
The next generation of electronic noses may use
fiberoptic, electrochemical, and bimetal sensors
(Schaller et al. 1998).

Relating Sensory to Chemical Data

Chemical analysis of flavor compounds provides
little insight into the actual flavor experience.
However, sensory attributes, preferences, and
decisions can be statistically related to chemical
components in foods (Martens et al. 1994). Some
important or abundant flavor compounds in
selected fruits and vegetables are shown in table

2. Correlation of physical measurements with
sensory analysis gives meaning to instrumental
data, as was shown with apple and tomato
(Baldwin et al. 1998). For example, linear
regression established relationships between levels
of sesquiterpene lactones and bitterness in chicory
(Peters and Amerongen 1998). Multivariate
methods require large data sets, but nonlinear
regression techniques such as principal component
or discriminate analysis yielded useful results for
citrus (Moshonas and Shaw 1997), strawberry
(Fragaria ananassa) (Shamaila et al. 1992), and
tomato (Maul et al. 1998). Differences between

131



samples were found based on measurement of
volatiles or other flavor compounds.

Alternatively, sniff ports (olfactometry detectors)
can be used with GCs, allowing a person to
determine if odors are detectable as well as their
relative intensity as the volatile components are
separated by the GC column. This technique was
used on apples (Cunningham et al. 1985, Young
et al. 1996). Descriptive terms can be assigned to
the respective peaks on the GC chromatogram that
have odor activity (Acree 1993). The drawback
to this method is that the interactive effects of
volatile compounds with each other and with
sugars and acids, both chemically and in terms of
human perception, are eliminated.

Factors That Can Affect Flavor of Fruits
and Vegetables

Effect of Genetics on Flavor

Fruit and vegetable varieties differ in flavor based
on sensory and chemical analysis. “Charm”
analysis combines separation on a GC column
with a sniff port to assign biological activity (odor
activity) to individual aroma components as they
are identified and quantified by GC (Cunningham
et al. 1985). This study with 40 cultivars showed
that apple aroma was not the result of the same
compounds in every cultivar, although some
common volatile compounds were important in all
cultivars.

Important aroma-specific compounds for
strawberry included ethyl butanoate, methyl
butanoate, y-decalactone, and 2-heptanone
(Larsen et al. 1992). Strawberry cultivars differed
in flavor intensity and sweetness, according to

a trained sensory panel (Podoski et al. 1997).
Concentrations of several important compounds,
including a- and B-ionones, were higher in wild
compared to cultivated raspberries (Rubus sp.).

In addition, numerous aroma compounds were
found only in wild berries, all of which may
contribute to the stronger and more pleasant aroma
of wild berries (Martin and MacLeod 1990). In
tomato, the TA/SSC (Stevens et al. 1977) and
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levels of flavor volatiles varied significantly
among varieties (Baldwin et al. 1991a,b).
Insertion of the rin gene to reduce ethylene
production and slow tomato fruit softening
resulted in some deterioration in flavor quality
(Baldwin et al. 2000) and reduction in flavor
volatiles (Baldwin et al. 1992, 2000). Flavor
appears to be related to ethylene production
(Baldwin et al. 1991a, 2000). Transgenic fruit
with antisense aminocyclopropanecarboxylic
acid (ACC) synthase (an enzyme in the ethylene
biosynthetic pathway) had lowered levels of
many important flavor volatiles (Baldwin et al.
2000). Fruit with antisense pectinmethylesterase
(which demethylates pectin in cell walls) had
lowered levels of methanol, while those with
downregulated phytoene synthase (phytoene is a
precursor of carotenoids) had lowered levels of
carotenoid-derived volatiles (Baldwin et al. 2000).

Effect of Preharvest Factors

Preharvest factors such as sunlight, water
availability, fertilization, and chemical
applications affect crop growth and can affect
internal quality characteristics of the harvested
product, including flavor. Preharvest treatment
with aminoethoxyvinylglycine (AVG) suppressed
volatile production in pears by 50%, which was
reversed by ethylene exposure (Romani et al.
1983); and heavy rains prior to harvest dilute
flavor compounds in tomato. Fruit from tomato
plants treated with increased levels of N and K
fertilizer scored lower in sensory analysis and
showed increased levels of TA, SSC, and several
volatiles (Wright and Harris 1985). Preharvest
mite control resulted in sweeter and more flavorful
field grown strawberries than those receiving no
treatments, according to a trained sensory panel
(Podoski et al. 1997).

Effect of Harvest Maturity

Horticultural crops should be harvested at optimal
eating quality, but practical considerations dictate
that they are harvested at a stage that minimizes
physical damage during shipping and handling
and maximizes shelf-life. The climacteric stage at
harvest affected ester formation in apples (Fellman



et al. 1993). Harvest maturity affected both the
sensory and chemical analysis of ripened tomato
fruit (Maul et al. 1998). Tomatoes harvested at
the immature green stage resulted in ripened fruit
with lower volatile levels than mature-green-
harvested tomatoes. Harvest maturity also affected
consumer acceptability for mango and trained
descriptive panel ratings for sweetness, sourness,
and various aroma descriptors. Fruit harvested
later were sweeter and less sour and generally had
more intense aroma characteristics (Baldwin et al.
1999a).

Effect of Postharvest Handling

Various techniques are used to extend the shelf-
life of fruits and vegetables after harvest, to
control postharvest decay, and to eliminate pests
(quarantine treatments). These storage techniques
and treatments involve cold, heat, irradiation,
chemical applications, and different storage
atmospheres.

Tomato fruit stored at 36, 41, 50, and 55 °F (2, 5,
10, and 13 °C) had reduced levels of important
volatiles and had less-ripe aroma and flavor

as well as more off flavors compared to fruit
stored at 68 °F (20 °C), as quantified by a trained
descriptive panel (Maul et al. 2000). Subjection
of fruit to heat treatments for preconditioning and
decay control (McDonald et al. 1996) resulted in
altered aroma volatile profiles. Heat treatment of
apples to reduce physiological and pathological
disorders inhibited emission of volatile esters
important to apple flavor (Fallik et al. 1997).
Levels of fructose and glucose, but not sucrose,
decreased with increased storage time and storage
temperature for muskmelon. However, sensory
analysis did not find differences in flavor or
sweetness between stored and freshly harvested
melons (Cohen and Hicks 1986).

CA storage altered flavor of apples, and, if
prolonged, reduced volatile emission compared
to air-stored fruit, especially lipid-derived
esters (Mattheis et al. 1995). Low-O, storage
decreased ester content and the enzymatic
activity responsible for ester biosynthesis in

apples (Fellman et al. 1993). However, when
atmospheres induced anaerobic metabolism,

large concentrations of ethanol and acetaldehyde
accumulated. The altered synthesis of fruit
volatiles resulted in increased amounts of ethyl
acetate and certain ethyl esters at the expense

of others. Sensory analysis of CA-stored apples
revealed that intensity of fruity and floral
descriptors decreased after 10 weeks in CA, while
sourness and astringency were higher compared
to apples stored in air. CA storage also increased
certain volatiles in tomato, compared to air-stored
fruit (Crouzet et al. 1986).

Use of packaging and edible coatings can create

a modified atmosphere (MA) with reduced O,

and elevated CO, levels, similar to that of CA.
Lowering O, and raising CO, can maintain the
quality of many fresh fruits and vegetables for
extended periods. However, exposure of fresh
produce to O, levels below their tolerance level
can increase anaerobic respiration and lead to the
development of off flavors. Use of edible coatings
affects flavor and the level of volatile flavor
compounds in citrus (Cohen et al. 1990), apple
(Saftner et al. 1999), and mango fruit (Baldwin

et al. 1999b). The coating barrier probably
induced anaerobic respiration and the synthesis of
ethanol and acetaldehyde and entrapped volatiles,
including ethanol and acetaldehyde (Baldwin et
al. 1999b). In broccoli, sulfur-containing volatiles,
including methanethiol and dimethyl disulfide,
are produced in response to anaerobic conditions
that can be created by MAP (Dan et al. 1997).
Storing strawberries in MAP altered volatile
profiles depending on conditions (CO,, mixed
gases, or air), enabling separation of the samples
using multivariate statistics (Shamaila et al. 1992).
Fruit treated with CO, had the greatest change

in volatile levels. This was confirmed by another
study in which strawberry fruit stored in a CO,-
saturated atmosphere exhibited significant changes
in volatile levels and phenylalanine ammonia
lyase (PAL) activity (Dourtoglou et al. 1995). The
amino acid phenylalanine is the precursor to a
number of volatiles through a pathway in which
PAL is the key enzyme.
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In addition to CA, other gaseous treatments of
fruits and vegetables have been reported. Use

of ethylene to synchronize ripening has been
practiced for years on banana and tomato, as well
as for degreening of citrus. Ethylene gassing of
tomato fruit alters volatile levels (McDonald

et al. 1996). Treatment of apple fruit with
1-methylcyclopropene (1-MCP) and methyl
jasmonate inhibited both ethylene production and
production of many volatile alcohols and esters,
including the formation of esters from alcohols
(Fan and Mattheis 1999). Treatment of bananas
with 1-MCP also suppressed volatile production
and composition, resulting in an increase in
alcohols and a decrease in related esters (Golding
et al. 1999). Application of acetaldehyde and
ethanol vapors to blueberries, tomatoes, and pears
increased their sugar content, sugar-acid ratio, and
hedonic sensory rating (Paz et al. 1981).

Other chemical treatments of fresh produce
may also affect flavor. For example, pressure
infiltration of apples with calcium chloride
transiently reduced levels of important flavor
volatiles (Saftner et al. 1999).

Flavor of Some Popular Fruits and
Vegetables

Apple. Sucrose is the major sugar in apples,
though it is slowly hydrolyzed to glucose and
fructose during latter ripening stages. The major
organic acid is malate, although some citrate

is also present (Knee 1993). Eleven aroma
compounds contribute to apple aroma in most

of the 40 cultivars, while 27 other compounds
contributing to flavor where found only in certain
genetic types (Cunningham et al. 1985). Loss of
apple flavor after long-term CA storage is a major
problem, probably due to the reduction of volatile
synthesis during storage (Mattheis et al.1995).

Peach (Prunus persica). The main sugar in
peaches is sucrose, but cultivars differ greatly

in glucose:fructose:sorbitol ratios, which may
contribute to differences in flavor. The major
organic acids are malate and citrate, with malate
levels declining and citrate levels increasing as
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fruit ripen (Brady 1993). Aroma of peaches and
nectarines is distinguished by the presence of

v- and d-lactones (peach-like and coconut-like,
respectively), although other esters and aldehydes
contribute to peach flavor (Do et al. 1969, Crouzet
et al. 1990). y-Lactones from C-5 to C-12,
d-lactones, and unsaturated lactones represent
more than 25% of the volatiles, with y-lactone
being the second most abundant component after
benzaldehyde. y-Undecalactone, although rarely
reported in natural extracts, has a distinct peach
odor. It has been named “peach aldehyde” and is
used in peach flavor formulations (Crouzet et al.
1990). Ethyl hexanoate and 3-methylbutanoate,
linalool, a-terpineol, 6-pentyl-a-pyrone (coconut
odor), and benzyl alcohol are also considered
important (Crouzet et al. 1990).

Small Fruits

Strawberry. In most berry fruits sucrose, glucose,
and fructose are present in roughly equivalent
concentrations (Manning 1993), and citrate is

the major organic acid. More than 200 volatile
compounds have been identified in strawberry.
C-6 aldehydes such as hexanal and trans-2-
hexenal are found, as well as lipoxygenase and
hydroperoxide lyase. Lipoxygenase acts on
linolenic acid to form 13- and 9-hydroperoxides,
which are cleaved by hydroperoxide lyase to form
hexanal and cis-3-hexenal. The cis-3-hexenal is
then isomerized to trans-2-hexenal (Perez et al.
1999), as was reported for tomato (Galliard et al.
1977, Riley et al. 1996). 2,5-Dimethyl-4-hydroxy-
3(2H)-furanone (furaneol) and its methyl ether
(mesifuran) are important aroma components in
both strawberry and tomato and are considered to
be glycosidically bound in both fruits (Roscher et
al. 1997). Of more than 100 volatile compounds
identified from strawberry, furaneol, ethyl
hexanoate, and ethyl butanoate are considered to
be the character-impact compounds (Zabetakis
and Holden 1997). Sensory analysis of strawberry
juice showed that furaneol was positively related
to fresh flavor and negatively related to off flavors,
while a-terpineol was inversely related to fresh
flavor (Golaszewski et al. 1998).



Raspberry (Rubus idaeus, R. ursinus). The
main sugars in raspberry are sucrose, glucose,
and fructose, with citric as the major organic acid
(Robbins and Fellman 1993). At least 200 volatile
compounds have been identified in raspberry
(Honkanen and Hirvi 1990, Dourtoglou et al.
1995). Impact flavor compounds for raspberry are
1-(p-hydroxyphenyl)-3-butanone, cis-3-hexenol,
a- and B-ionones, a-irone, and mesifurane. Other
abundant volatiles include geraniol, nerol, and
linalool among others (Paterson et al. 1993). The
“raspberry ketone,” or character-impact volatile
for raspberry, is 4-(4-hydroxyphenyl)-butan-2-
one (Larsen and Poll 1990). It had the lowest
threshold (therefore the largest contribution to
flavor), followed by a-ionone, B-ionone, geraniol,
linalool, and benzyl alcohol. Furaneol, linalool,
and ethyl hexanoate were important general
aroma compounds, while ethyl butanoate, methyl
butanoate, y-decalactone, and 2-heptanone were
important cultivar-specific compounds (Larsen

et al. 1992). The most potent flavor compounds
identified using a retronasal aroma simulator

in raspberries were -damascenone, diacetyl,
1-hexen-3-one, 1-nonen-3-one, 1-octen-3-one, and
cis-3-hexenal (Roberts and Acree 1996).

Blackberry (Rubus laciniata). Fresh

blackberry fruit contain 245 aroma compounds
(Georgilopoulos and Gallois 1987). The most
abundant were heptan-2-ol, para-cymen-8-ol,
heptan-2-one, hexanol, a-terpineol, pulegone,
octanol, isoborneol, mytenol, 4-terpineol, carvone,
elemincine, and nonanol. Though heptan-2-ol is an
important flavor compound with an intense fruit
taste with herbaceous nuances, no single volatile
was identified as blackberry-like (Marton and
MacLeod 1990). Some compounds in blackberry
fruit and leaves are glycosidically bound, such

as benzyl alcohol, benzoic acid, 3-hydroxy-7,8-
dihydro-B-ionol, and cis-3-hexenol among others
(Humpf and Schreier 1991).

Blueberry (Vaccinium). Blueberries have
glucose and fructose as their major soluble sugars
and citric, malic, and quinic acids (Eck 1986).
The odor-impact compounds for high-bush
blueberry (Vaccinium myrtillus) are trans-2-
hexenal, trans-2-hexenol, and linalool, but also

include geraniol, citronellol, hydroxycitronellol,
farnesol, and farnesyl acetate. Most volatiles are
present below their threshold concentrations,
but hydroxycitronellol was described by
sensory panelists as blueberry-like. Rabbit-eye
blueberries (V. ashei) have a different aroma
than high-bush. Some aroma volatiles unique to
rabbit-eye blueberries include 1-penten-2-one,
y-terpinene, carveol, acetone, cis-caran-3-ol,
ecineralone, a-cedrene, sabinol, geranyl formate,
linalyl acetate, undecan-2-one, tridecan-2-one,
ethyl acetate, ethyl tetradecanoate, dimethyl
octanedioate, toluene, p-cymene, and B-ionone,
among others (Honkanen and Hirvi 1990).

Grape (Vitis). Glucose and fructose are the
predominant sugars in grapes, while tartaric and
malic acids account for 90% of the TA (Kanellis
and Roubelakis-Angelakis 1993). Grapes show
an increase in free and glycosylated aroma
compounds at the end of ripening, after sugar
accumulation has slowed (Coombe and McCarthy
1997). This process is different from that of other
berries and has been termed “engusting.” The
volatiles in wine grapes are the most complex
and are classified into five groups, of which the
first four have glycosylated forms: monoterpene
(abundant in “floral” grapes), norisoprenoid,
benzenoid, aliphatic, and methoxypyrazine. The
accumulation of flavor volatiles occurs late in
the berry-ripening cycle, well after accumulation
of sugar as observed in Muscat berries (Park et
al. 1991). Different varieties have distinctive
aroma character. For example, Muscat odor

is mainly composed of monoterpenes such as
linalool and geraniol (Webb 1981, Kanellis

and Roubelakis-Angelakis 1993). Carbernet
Sauvignon, a V. vinifera cultivar, contains
methoxyisobutylpyrazine, which has a strong,
green-bell-pepper-like aroma (Webb 1981).
Benzyl and 2-phenylethyl alcohols, ethers,
aldehydes, and hydrocarbons also contribute to
aroma. American grapes (V. labruscana and V.
rotundifolia) are not suitable for wine production
because they possess what has been termed
“foxy” and candy-like odors due to compounds
like methyl anthranylate, aminoacetophenone,
furaneol, and methyl furaneol. B-Phenylethanol,
with its rose-like odor, was found to be important
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for muscadine (V. rotundifolia) aroma ( Flora and
Nakayama 1981). The V. vinifera grapes exhibit
a mild aroma that is more desirable for wine
production (Shure and Acree 1995).

Banana (Musa). Sucrose is the predominant
sugar in banana initially, but as ripening proceeds
glucose and fructose accumulate. Malic, citric,
and oxalic acids are the predominant organic
acids, with the astringent taste of unripe bananas
being attributed in part to oxalate levels (Seymour
1993). The characteristic aroma of bananas
arises from a complex mixture of compounds
including short-chain fatty acids such as acetates,
butanoates, and 3-methylbutyl esters. Recently,
nonvolatile glycoside precursors were shown

to release glycosidically bound volatiles from
banana pulp by B-glucosidase, including decan-
1-ol, 2-phenylethanol, 3-oxy-pentanoic acid,
3-methylbutanoic acid, and benzoic acid (Perez
et al. 1997). Esters account for about 70% of the
volatile compounds and acetates and butyrates
predominate (Seymour 1993). 3-Methylbutyl
acetate, however, is considered to dominate
banana flavor as the key odor-impact volatile
(Berger 1991), along with butanoate and
3-methylbutanoate (Engel et al. 1990). Unusual
phenol derivatives eugenol, 5-methoxyeugenol,
eugenol-methylether, and elemicin contribute
background notes for the full-bodied mellow
aroma of ripe bananas (Engle et al. 1990).

Citrus Fruits

Sweet Orange (Citrus sinensis). The major sugar
in most citrus types is sucrose, with varying levels
of glucose and fructose. The major acid is citrate.
Typical orange aroma is attributed to alcohols,
aldehydes, esters, hydrocarbons, ketones, and
other components, of which more than 200 have
been identified. Of these, esters and aldehydes are
the primary contributors, followed by alcohols,
ketones, and hydrocarbons (Bruemmer 1975).
There is no single impact compound for orange.
However, octanal, decanal, nonanal, dodecanal,
ethylbutyrate, and limonene are likely contributors
to flavor (Shaw and Wilson 1980, Shaw 1991).
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Tangerine (Citrus reticulata). Analysis of
tangerine essence revealed 34 volatile compounds
that were odor contributors. However, no one
compound was found to have a characteristic
tangerine odor (Moshonas and Shaw 1972).

Later studies suggested that the compounds
thymol and methyl-N-methylanthranilate
(dimethylanthranilate) are odor-impact
compounds for this fruit but that they are modified
by the presence of monoterpene hydrocarbons.
Nevertheless, dimethylanthranilate is the most
potent flavor component (Shaw and Wilson 1980).

Grapefruit (Citrus paradisi). At least 126
volatile components have been identified in
grapefruit (Demole et al. 1982). Nootkatone and
1-p-menthene-8-thiol may be key aroma-impact
compounds for grapefruit (Demole et al. 1982),
although aldehydes and esters are also important
(Shaw and Wilson 1980).

Mango (Mangifera indica). The major sugars

in mango are glucose, fructose, and sucrose,

with sucrose predominating. The major acids

are citric, malic, and sometimes tartaric at 0.1%

to 0.4% TA (Nairain et al. 1997, Baldwin et al.
1999b) and 10 to 16 SSC (Baldwin et al. 1999b).
Mango varieties differ in amount and type of
volatile compounds present (more than 150
compounds identified), often depending on area of
production. Asian mangoes have more oxygenated
volatile compounds such as esters, furanones,

and lactones, giving some varieties pineapple- or
peach-like aromas (Narain et al. 1997), while
western mangoes that are hybrids of Asian stock
have higher levels of certain hydrocarbons such as
3-carene (MacLeod and de Troconis 1982, Wilson
et al. 1986, Narain et al. 1997).

Pineapple (Ananas comosus). Besides banana
and possibly mango, pineapple is the most popular
fruit from the tropics. SSC can range from 11°

to 17° Brix, and the major sugars are glucose,
fructose, and sucrose, with sucrose predominating
(Salunkhe and Desai 1984, Shukor et al. 1998).
The major acids are citrate and malate with

about 0.1 to 0.6% titratable acidity (Salunkhe

and Desai 1984, Shukor et al. 1998). More than
120 volatiles have been identified in green and



ripened pineapples with esters dominating at
more than 80% of the total volatiles (Shukor

et al. 1998). Contributing aroma volatiles,

based on odor thresholds, show that pineapple
aroma is also dominated by esters such as ethyl
2-methylbutanoate, ethyl acetate, ethyl hexanoate,
ethyl butanoate, methyl heptanoate, and others.

Melons (Cucumis melo). Sucrose is the principal
sugar in most melon types, although high levels
of fructose may be present in some watermelon
cultivars. Melons contain citrate and malate,

or only malate in watermelon (Seymour and
McGlasson 1993). Ethyl 2-methylbutanoate

and methyl-2-methylpropanoate are among

the most significant contributors to flavor of
muskmelon cultivar ‘Makdimon,” one of the C.
mello reticulatus cultivars that exhibit strong
characteristic aromas. Muskmelon and watermelon
also have cis-non6-enal and cis,cis-nona-3,6,-
dien-1-ol, respectively. The former has a strong
melon-like aroma, while the latter is reminiscent
of watermelon rind. 4-Oxononanal and 2-hydroxy-
5-pentyltetrahydrofuran have fruity and green
odors and contribute to watermelon aroma. The
volatile cis-non6-enyl acetate has a pleasant
honeydew-melon-like aroma (Engle et al. 1990).
Other varieties have ethyl-2-methylpropanoate,
2-methylbutyl acetate, 2-methylpropyl acetate,
and the thioether esters (Wyllie et al. 1995).

Tomato (Lycopersicon esculentum). The SSC/
TArratio (De Bruyn et al. 1971) or the content of
SSC or TA are important for flavor (Stevens et al.
1977, Jones and Scott 1984). The major sugars are
glucose and fructose in roughly equal amounts,
while citrate and malate are the major organic
acids, with citrate predominating (Baldwin et al.
1991a,b, Hobson and Grierson 1993). However,
more than 400 volatile compounds were identified,
of which 16 or so have odor thresholds that would
indicate that they contribute to flavor (Buttery
1993, Buttery and Ling 1993). Of these, there is
no clear odor-impact compound. Buttery (1993)
suggested that a combination of cis-3-hexenal,
hexanal, 1-penten-3-one, 3-methylbutanal, trans-
2-hexenal, 6-methyl-5-hepten-2-one, methyl
salicylate, 2-isobutylthiazole, and B-ionone at

the appropriate concentrations produces the

aroma of a fresh ripe tomato. Of these, cis-3-
hexenal and B-ionone have the highest odor

units, and 2-isobutylthiazole is unique to tomato.
Furaneol has an odor threshold indicating it may
contribute to flavor (Buttery et al. 1995). Volatile
production occurs at the same time that ethylene
increase, carotenoid synthesis, and chlorophyli
breakdown occur (Baldwin et al. 1991a). Enzymes
important in volatile synthesis from lipids include
lipoxygenase, hydroperoxide lyase (hydroperoxy
cleavage), and alcohol dehydrogenase (Galliard et
al. 1977, Riley et al. 1996). Amino acid precursors
include alanine, isoleucine, leucine, phenylalanine,
and valine (Buttery and Ling 1993). Glycosides
are also precursors to some volatiles (Krammer et
al. 1994). Furaneol is also reported to be important
(seems it is found in every fruit). Genetically
engineered fruit with down- or up-regulated
alcohol dehydrogenase expression exhibited
altered levels of some related volatiles (Speirs et
al. 1998).
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Table 2. Some important or abundant flavor compounds in selected fruits and vegetables

Fruit and references Major Major Important aroma
sugars acids compounds
Apple
Fellman et al. 1993 sucrose malic -damascenone
Honkanen and Hirvi 1990 glucose citric butyl hexanoate
Knee 1993 fructose isoamyl hexanoate
Mattheis et al. 1995 hexyl hexanoate
Young et al. 1996 ethyl butanoate
propyl butanoate
hexyl butanoate
butylacetate
2-ethyl-1-butyl acetate
ethyl acetate
butanol
Peach
Brady 1993 sucrose malic benzaldehyde
Crouzet et al. 1990 glucose citric benzyl alcohol
Do et al. 1969 fructose nonanol
sorbitol
linalool
ethyl hexanoate
3-methylbutanoate
a-terpineol
v-hexalactone
d-decalactone
y-undecalactone
d-undecalactone
v-dodecalactone
d-dodecalactone
o-pyrone
6-pentyl-o-pyrone
Strawberry
Golaszewski et al. 1998 sucrose citric hexanal
Honkanen et al. 1980 glucose cis-3-hexanal
Manning 1993 fructose trans-2-hexanal
Perez et al.1999 furaneol
Roscher et al. 1997 mesifuran
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Zabetakis and Holden 1997

ethyl hexanoate

ethyl butanoate

methyl butanoate
ethyl-2-methyl propanoate



Table 2. Some important or abundant flavor compounds in selected fruits and vegetables
—Continued

Fruit and references Major Major Important aroma
sugars acids compounds
Raspberry
Dourtoglou et al. 1995 sucrose citric H-(4-hydroxyphenyl-butan-2-one)
Honkanen and Hirvi 1990 glucose (raspberry ketone)
Larsen and Poll 1990 fructose a-ionone
Larsen et al. 1992 [-ionone
Paterson et al. 1993 geraniollinalool
Robbins and Fellman 1993 benzyl alcohol
Roberts and Acree 1996 ethyl hexanoate

ethyl butanoate
methyl butanoate
y-decalactone
2-heptanone
cis-3-hexanal
-damascenone

Grape (references for all grape types)
Coombe and McCarthy 1997
Flora and Nakayama 1981
Kanellis and Roubelakis
-Angelakis 1993
Park et al. 1991
Shure and Acree 1995

Webb 1981
Concord glucose tartaric methyl anthranilate
(Vitis labruscana) fructose malic 0-aminoacetophenone

furaneol
methyl furaneol
-damascenone

Muscadine B-phenylethanol

(V. rotundifolia) butyl alcohol

hexyl alcohol
hexanal

trans-2-hexenal
isoamyl alcohol
acetaldehyde
isobutyraldehyde
ethyl acetate
ethyl propionate
butyl acetate
propyl acetate
2-methylbutanol

139



Table 2. Some important or abundant flavor compounds in selected fruits and vegetables

—Continued

Fruit and references

Major
sugars

Major
acids

Important aroma
compounds

Muscat varieties
(V. vinifera)

Banana
Berger 1991
Engel et al. 1990
Perez et al. 1997
Seymour 1993

Sweet orange
Bruemmer 1975
Shaw 1991

Shaw and Wilson 1980

Tangerine

Moshonas and Shaw 1972
Shaw and Wilson 1980
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sucrose
glucose
fructose

sucrose
glucose
fructose

sucrose
glucose
fructose

malic
citric
oxalic

citric

citric

linalool
geraniol
methoxyisobutylpyrazine

decan-1-ol
2-phenylethanol
3-oxy-pentanoic acid
3-methylbutanoic acid
3-methylbutyl acetate
butanoate
3-methylbutanoate
eugenol
5-methoxyeugenol
eugenol-methylether
elemicin

geranial

neral acetaldehyde
decanal

octanal

nonanal

ethyl acetate

ethyl propionate

ethyl butanoate

methyl butanoate
ethyl-2-methyl butanoate
ethyl-3-hydroxy hexanoate
linalool

a-terpineol

limonene

myrcene

a-pinene

valencene

acetaldehyde

decanal

octanal

dimethyl anthranilate
thymol

a-sinensal
y-terpinene

B-pinene



Table 2. Some important or abundant flavor compounds in selected fruits and vegetables

—Continued

Fruit and references

Major
sugars

Major
acids

Important aroma
compounds

Grapefruit
Demole et al. 1982
Shaw and Wilson 1980

Mango
Baldwin et al. 1999
MacLeod and de Troconis 1982
Nairain et al. 1997
Wilson et al. 1986

Melon
(Cantaloupe, Honeydew,
Watermelon)
Engle et al. 1990
Seymour and McGlasson 1993
Wyllie et al. 1995

sucrose
glucose

sucrose
glucose
fructose

sucrose
fructose

citric

citric
malic

malic
citric

(watermelon:

malic only)

acetaldehyde

decanal

ethyl acetate

methyl butanoate
ethyl butanoate
1-p-menthene-8-thiol
nootkatone

limonene

naringin

ethyl butanoate
ethyl-2-butanoate
hexanal
cis-3-hexanal
trans-2-hexanal
y-octalactone
y-dodecalactone
furaneol
a-pinene
B-pinene
3-carene
myrcene
limonene
p-cymene
terpinolene
a-Copaene
caryophyllene

ethylbutyrate
ethyl-2-methyl butyrate
ethyl butyrate

ethyl hexanoate

hexyl acetate
3-methylbutyl acetate
benzyl acetate
cis-6-nonenyl acetate
trans-6-nonenol
cis,cis-3,6-nonadienol
cis-6-nonenal
4-oxononanal
2-hydroxy-5-pentyltetra-hydrofuran
cis-non6-enyl acetate
methyl acetate

ethyl acetate
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Table 2. Some important or abundant flavor compounds in selected fruits and vegetables
—Continued

Fruit and references

Major
sugars

Major
acids

Important aroma
compounds

Tomato

Baldwin et al. 1991a,b
Buttery 1993

Buttery and Ling 1993
Buttery et al. 1995, 1989
De Bruyn et al. 1971
Hobson and Grierson 1993

glucose
fructose

citric
malic

isopropyl acetate

ethyl propanoate

ethyl isobutanoate

propyl acetate

butyl acetate
methyl-2-methylbutanoate
ethyl butanoate
2-methylpropanoate
2-methylbutyl acetate
2-methylpropyl acetate
methyl (methylthio) acetate
ethyl (methylthio) acetate
ethyl (methylthio) propanoate

hexanal
trans-2-hexenal
cis-3-hexenal
cis-3-hexenol
-ionone
B-damascenone
1-penten-3-one
3-methylbutanal
3-methylbutanol
2-isobutylthiazolel-nitro-
phenyl-ethane
trans-2-heptenal
phenylacetaldehyde
6-methyl-5-hepten-2-one
methyl salicylate
geranylacetone
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Conclusion

Flavor of fruits and vegetables is an important
aspect of quality. Though difficult to define,
qualify, and quantify, this elusive and complex
trait is important to consumers and deserves more
attention from both researchers and industry.
Flavor quality of fresh and processed fruit and
vegetable products will be an important factor in
an increasingly competitive global market. Flavor
maintenance becomes a challenge as shelf-life
and marketing distances increase due to new
storage, handling, and transport technologies.
However, despite these issues the bottom line for
flavor quality is still genetic. Breeders need more
information and analytical tools in order to select
for flavor quality. Use of wild material may be
necessary in breeding programs to regain flavor
characteristics that have been lost from some
commodities. Use of molecular markers that relate
to flavor may help identify important enzymes in
flavor pathways. The effect of harvest maturity
on flavor quality needs to be determined for each
commodity. With the current focus on flavor
quality and current advances in flavor chemistry,
sensory techniques, and molecular biology, there
are many opportunities to further efforts on behalf
of flavor quality in fresh produce.
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Introduction

Data from the U.S. Center for Disease Control
and Prevention (CDC) between 1973 and 1987
indicate that there were 3,699 foodborne illness
outbreaks in the United States. Only 2% were
associated with fruits and vegetables, and most
of those were due to improper home canning.

In general, produce is a low-risk food, and it is
unlikely that one will become ill from eating raw
fruits or vegetables. But a small risk does exist,
and it is incumbent on all of those involved in
the production and distribution of fresh produce
to work to minimize those risks. Safety is the
perception of acceptable risk, and if no risk is
acceptable, then nothing can ever truly be safe.
Many consumers feel that food products should
have no risk associated with their consumption.
Unfortunately, the reality is that reducing the
risk of foodborne illness from consumption of
fresh fruits and vegetables to absolute zero is an
impossible task. It should also be kept in mind that
the health benefits derived from eating at least 5
servings of fresh fruits and vegetables daily far
outweigh the very small probability of contracting
a foodborne illness.

Fruits and vegetables are unique foods, since

they are often consumed raw or with minimal
preparation. To date, there have been no effective
intervention strategies developed that can
completely eliminate food safety risks associated
with consumption of uncooked produce.
Therefore, preventing contamination with human
pathogens, dangerous levels of chemical residues,
or physical contaminants is the only way to ensure
that these foods are wholesome and safe for

human consumption.

Systems that ensure safety and wholesomeness of
fruits and vegetables during postharvest handling
and fresh-cut processing fall into four prevention
programs: Good Agricultural Practices (GAPs),
Good Manufacturing Practices (GMPs), Sanitation
Procedures, and Hazard Analysis Critical Control
Points (HACCPs).

The greatest risk to human health from
consumption of uncooked produce is from
pathogenic microorganisms. Raw agricultural
products, such as fresh produce, should

be expected to harbor a wide variety of
microorganisms including the occasional
pathogen. A vigorous population of nonpathogenic
bacteria can be an excellent barrier to prevent
the growth of pathogens, should they be present.
Nonpathogenic bacteria also act as indicators

of temperature abuse and age by spoiling the
product. In the absence of spoilage, high levels
of pathogens may occur, and the item may be
consumed because it is not perceived as spoiled.
There are four groups of human pathogens
associated with fresh produce:

* Soil-associated pathogenic bacteria
(Clostridium botulinum and Listeria
moncytogenes)

* Fecal-associated pathogenic bacteria
(Salmonella spp., Shigella spp., E. coli
0157:H7, and others)

* Pathogenic parasites (Cryptosporidium and
Cyclospora)

* Pathogenic viruses (hepatitis, norwalk virus,
and others)

Many of these pathogens are spread from humans
or domestic animals to food to humans. Fruits and
vegetables may become contaminated by infected
field workers, food preparers, consumers, cross-
contamination, use of contaminated irrigation
water, use of inadequately composted manure, or
contact with contaminated soil. To minimize risks,
growers should implement practices outlined

in the “Guide to Minimize Microbial Food

Safety Hazards for Fresh Fruits and Vegetables”
published by the Center for Food Safety and
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Applied Nutrition, Food and Drug Administration
(FDA 1998). This publication outlines Good
Agricultural Practices (GAPs) which, when
followed, can significantly reduce the risk of
microbial hazards in produce. Growers should be
aware that agricultural practices that may have
been acceptable in years past may no longer

be acceptable. In addition, fresh-cut processors
should adhere to Good Manufacturing Practices
(GMPs) 21 [CFR 100-169] to appropriately
manage food safety risks during processing. Food
handlers and consumers must act responsibly as
they are the final link in the food safety chain.

Prevention of contamination is the only way to
minimize true food safety risks and ensure food
safety. Microbial testing cannot guarantee the
absence of pathogens on fresh produce and, in
fact, is unlikely to detect pathogens even when
they are present. For example, if 5 fruitin a

given lot of 100 individual fruit are harboring
pathogens (5% contamination rate), how many
fruit would have to be sampled to be 95% sure
that one of the infected fruit was found? Table 1
shows that at 5% contamination rates, it would be
necessary to test 60 fruit to have a 95% chance of
finding the pathogen. It is surely not practical to
test 60 out of every 100 fruits or vegetables. Yet
testing fewer fruits results in a high likelihood
that pathogens will be missed, even when they
are present. For this reason, negative results from
product pathogen testing have little value and

can be misleading. Microbial testing can be an
effective tool, but sampling the finished product is
not an efficient, cost-effective approach. Sampling
potential sources of contamination—such as
irrigation water, cooling and process water, and
food contact surfaces—and monitoring employee
hygiene practices are more effective in preventing
spread of human pathogens.
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Table 1. Probability that a given number
of samples will fail to detect microbial
contaminants at specified contamination
levels

Percent Number of Samples Analyzed
Contaminated 5 10 15 20 30 60
___________________ Offmmmmmmmmmm e
10.0 41 65 79 88 96 >99
5.0 33 40 54 64 79 95
2.0 10 18 26 33 45 70
1.0 5 10 14 18 26 45
0.1 1 1 2 2 3 6

Source: U.S. Food and Drug Administration
Has the Problem Gotten Worse?

Scientists continue to discover new
microorganisms that cause foodborne illness,

and recent advances in diagnostics allow more
rapid detection of smaller numbers of pathogens
on foods. Detection methods for pathogenic
microorganisms are faster and more sensitive,
allowing investigators to better identify causes of
outbreaks. In recent years, fresh produce sourcing
has undergone significant changes, and centralized
local production has been replaced with
worldwide sourcing. Agricultural practices and
hygienic conditions vary greatly among growing
regions around the world, and increased global
sourcing increases consumers exposure to diverse
endemic microflora carried on fresh fruits and
vegetables. Also, global sourcing means longer
transportation and handling, giving pathogenic
microorganisms additional time to proliferate and
reach levels which can cause illness. Population
demographics in North America have shifted, with
a greater number of individuals that are older or
who have compromised immune systems. They
are at greater risk from foodborne illness, and the
consequences of exposure can be deadly. All of
these circumstances have resulted in increased
foodborne illness awareness.



Reported Food Borne lliness Outbreaks In the United
States Due to Fruits and Vegetables
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Figure 1. Increasing number of foodborne iliness outbreaks
associated with fresh produce in the United States. Source:
CDC Food Borne Outbreak Surveillance System.

Intervention Strategies

Washing produce before preparation or
consumption is recommended but does not
guarantee that fresh produce is pathogen-free.
Studies have demonstrated that washing produce
in cold chlorinated water will reduce microbial
populations by 2 or 3 logs (100- to 1000-fold), but
sterility is not achieved, because microorganisms
adhere to surfaces of produce and may be present
in microscopic nooks and crannies on the surface
of produce (Zhuang et al. 1995).

il

110 210 320
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S. montevideo
Log CFUlcm?

Figure 2. The effect of wash-water chlorine concentration on
the fate of Salmonella montevideo on raw tomatoes. Adapted
from Zhuang et al. 1995.

This is a problem since some pathogens, such as
E. coli O157:H7, have an infectious dose of as
few as 10 to 100 viable cells. To date, there are

no wash-water treatments that can completely
eliminate human pathogens from fresh produce.
Product wash-water, if not properly sanitized, can
become a source of microbiological contamination
for every piece of product that passes through

that water. It is a widespread misconception

that chlorinated wash-water cleans or sterilizes
produce as it is washed. Chlorinated wash-water
does little more to clean produce than potable,
nonchlorinated water. Chlorine does sanitize
wash-water and maintains a low microbiological
count in the water. In this way the water does not
become a reservoir for mold spores and bacteria to
infest produce.

Sodium or calcium hypochlorite is most
commonly used in produce wash-water. The
antimicrobial activity of these compounds depends
on the amount of hypochlorous acid (HOCI)
present in the water. This, in turn, depends on the
pH of the water, the amount of organic material

in the water, and, to some extent, the temperature
of the water. Above pH 7.5, very little chlorine
occurs as active hypochlorous acid, but rather as
inactive hypochlorite (OCI). Therefore, the wash-
water pH should be kept between 6.0 and 7.5 to
ensure chlorine activity. If the pH falls below 6.0,
chlorine gas may be formed, which is irritating

to workers. Organic material in the water will
reduce chlorine activity, so periodically replacing
or filtering the water is important to maintain
cleanliness.
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Figure 3. Effect of pH on chlorine dissociation products.

An effective wash-water sanitation system is
becoming a necessity in the produce industry due

to increased concerns with safety of fresh produce.

Since water can be a source of contamination if
the water itself becomes contaminated, the ability
to ensure clean water is an essential element of a
food safety program. Understanding how different
sanitizers work and how they are measured and
monitored is an important element in operating

a food safety system in an effective and cost-
efficient manner (See table 2.)

Irradiation and Cold Pasteurization

Use of nonthermal irradiation, often called cold
pasteurization, has been advocated as a means to
eliminate human pathogens from produce, similar
to current allowable practices in the meat and
poultry industry. To date this strategy has been
ineffective for a number of reasons, including the
expense of irradiating produce, a lack of facilities
to treat produce, the damage susceptibility of
many produce items to irradiation, and perceived

consumer resistance to the use of irradiation for
foods. Irradiation with a gamma source, such as
cobalt 60, has been studied by many researchers.
In the 30 years preceding 1983, more than a
thousand published reports addressed irradiation
of fruits and vegetables (Kader and Heintz 1983).
The accumulated data suggest that irradiation may
have some applications for disinfestation of fruits
and vegetables but that irradiation alone will not
resolve most microbiological issues. Different
organisms vary in their sensitivity to ionizing
radiation and many microbes will not be killed at
the maximum allowable dose of 1 kGy (Brackett
1987).

Killing microbes with irradiation occurs when the
irradiated energy interacts with water in microbial
cells. Reactive chemicals are created that damage
the cells’ genetic material, or DNA. The ability of
irradiation to kill a particular microbe is measured
as the “D-value,” the amount of energy needed

to kill 90% of the cells of the microbe. Thus, a
dosage of 2D would kill 99% of the cells, 3D

Kills 99.9% and so on. Of course, the D-value will
differ for different microorganisms.

Insect pests and some parasites (Cyclospora,
Cryptosporidium, etc.) have a relatively large
amount of water and DNA in their cells and so are
easily killed by irradiation. D-values for gamma
irradiation of 0.1 kGy are typical. Thus, a dosage
of 0.5 kGy would give a 5-log reduction. Bacteria
(E. coli, Salmonella, Listeria, etc.) have less DNA
and are more resistant to irradiation. D-values

of 0.3 to 0.7 kGy are typical, depending on the
bacterium. Thus, it would require 1.5 to 3.5 kGy
to achieve a 5-log reduction of bacteria. At this
time, the maximum allowable dosage for treating

Table 2. Activities and environmental sensitivities of wash-water sanitizers

Sanitizer pH Organic Matter Biocidal Activity
Hypochlorites 6.0-7.5 \ery sensitive Oxidizer
Chlorine dioxide 6.0 -10.0 Sensitive Oxidizer

Ozone 6.0 -10.0 Somewhat sensitive Oxidizer
Peroxyacetic acid 1.0-8.0 Somewhat sensitive Oxidizer

UV light Not affected  Somewhat sensitive Disrupts DNA
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fruits and vegetables is 1.0 kGy. The implication
is that gamma irradiation is not approved for use
at dosages high enough to effectively eliminate
pathogens from fresh produce. The Food Safety
and Inspection Service (FSIS) has set the
maximum absorbed dose levels for refrigerated
and frozen meat at 4.5 kGy and 7.0 kGy,
respectively, and 3.0 kGy for poultry.

Spore-forming bacteria (Clostridium, Bacillus,
etc) are even more resistant to irradiation, and
viruses (hepatitis, norwalk, etc.) are impossible
to kill even with the dosages allowable for meat.
Compared with the amount of radiation used in
medical devices, the dosages approved for food
are extremely low. Allowable doses of irradiation
do not make food sterile. They do not always

kill all the undesirable microorganisms if they
are numerous to begin with. Also, an irradiated
food can be recontaminated if mishandled.
Consequently, while irradiation may have a future
role in fruit and vegetable sanitation, it will never
effectively guarantee pathogen-free produce, nor
will it ever be a substitute for proper sanitation
and food safety preventative programs. Different
fruits and vegetables differ in the maximum

dose that they will tolerate without unacceptable
softening or loss of other quality parameters.
However, the negative impacts of produce
irradiation such as accelerated softening and
technical issues (for example, nonhomogenous
dosing) have hindered the commercialization of
this technology.

However, it is unclear if irradiation will ever be
capable of surface-sterilizing produce without
irreparably damaging produce beyond salability.
Irradiation dosages necessary to Kill viruses and
some bacteria are well in excess of the levels
which induce damage to produce. Though
irradiation has specific uses in produce, such

as for phytosanitary and insect quarantine, its
effectiveness as a food safety tool is limited.
New irradiation technologies such as pulsed
electric fields, pulsed UV light, or radio frequency
technologies may yet play a role as tools for
ensuring the food safety of produce.

Prevention
Good Agricultural Practices (GAPS)

In 1998 the FDA published “Guidance for
Industry: Guide to Minimize Microbial Food
Safety Hazards for Fresh Fruits and Vegetables.”
Though this document carries no regulatory or
legal weight, due diligence requires producers
to take prudent steps to prevent contamination
of their crops. This document gives guidance
on those prudent steps. A number of retail
chains have begun to require independent third-
party audits of producers based, in part, on this
document.

The guide identifies eight food safety principles
within the realm of growing, harvesting, and
transporting fresh produce and suggests the reader
“use the general recommendations in the guide

to develop the most appropriate good agricultural
and management practices for their operation.”
The application of the principles is aimed at
preventing contamination of produce with human
pathogens. The following sections list the eight
principles and implementation areas.

The following are the basic principles of GAPs:

* Prevention of microbial contamination of
fresh produce is favored over reliance on
corrective actions once contamination has
occurred.

* To minimize microbial food safety hazards
in fresh produce, growers or packers
should use GAPs in those areas over which
they have a degree of control, while not
increasing other risks to the food supply or
the environment.

* Anything that comes in contact with fresh
produce has the potential of contaminating
it. For most foodborne pathogens associated
with produce, the major source of
contamination is associated with human or
animal feces.

* Whenever water comes in contact with fresh
produce, its source and quality dictate the
potential for contamination.

* Practices using manure or municipal
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biosolid wastes should be closely managed
to minimize the potential for microbial
contamination of fresh produce.

* Worker hygiene and sanitation practices
during production, harvesting, sorting,
packing, and transport play a critical role
in minimizing the potential for microbial
contamination of fresh produce.

* All applicable local, State, and Federal laws
and regulations, or corresponding or similar
laws, regulations, or standards for operators
outside the United States for agricultural
practices should be followed.

* Accountability at all levels of the
agricultural environment (farms, packing
facility, distribution center, and transport
operation) is important to a successful food
safety program. There must be qualified
personnel and effective monitoring to ensure
that all elements of the program function
correctly and to help track produce back
through the distribution channels to the
producer.

Land Use. The safety of food grown on any given
parcel of land is influenced not only by the current
agricultural practices but also by former land use
practices. Heavy metals and pesticide residues
may persist in soils for long periods of time.

Soil should be tested to ensure that dangerously
high levels of these compounds are not present.
Former land use should also be investigated and
documented to ensure that the production land was
not formerly used for hazardous waste disposal or
for industrial purposes that may have left behind
toxic residues. If production land was previously
used for agricultural purposes, pesticide use
records should be reviewed to ensure that proper
pesticide management practices were followed.
Production acreage should not have recently been
used as a feedlot or for animal grazing, because
fecal contamination of the soil may persist.

Fertilizers. Improperly composted or
uncomposted manure is a potential source of
human pathogens. Human pathogens may persist
in animal manure for weeks or even months.

E. coli O157:H7 has been found to survive in
uncomposted dairy manure incorporated into
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soil for up to 250 days (Suslow 1999). Proper
composting via thermal treatment reduces the

risk of potential foodborne illness. However, the
persistence of many human pathogens in untreated
agricultural soils is unknown. Use of inorganic
fertilizers, which have been certified to be free of
heavy metals and other chemical contaminants, is
recommended.

Irrigation Water. Irrigation water is another
potential vector by which contaminants may be
brought into contact with fruits and vegetables.
Deep-well water is less likely to be contaminated
with human pathogens than surface water
supplies. However, all irrigation water sources
should be periodically tested for contamination
by pesticides and human pathogens. The
presence of E. coli is a useful indicator for fecal
contamination and possible presence of human
pathogens. Inexpensive test Kits for generic E.
coli are available from several vendors. Overhead
irrigation systems are more likely than flood,
furrow, or drip irrigation to spread contamination
since contaminated water is applied directly to
the edible portions of fruits and vegetables. Water
used to mix or spray agricultural chemicals must
be confirmed to be free of pathogens before use.

Pesticide Use. All pesticide use should be

done in strict accordance with manufacturer’s
recommendations as well as Federal, State, and
local ordinances. Monitoring and documentation
of proper pesticide use should be done to prevent
unsafe or illegal residues from contaminating
fruits and vegetables. All pesticide applications
should be documented, and proper records of
application should be available and reviewed by
management on a regular basis. Appropriately
trained and licensed individuals should perform
pesticide use recommendations and applications.

Harvest Operations. During harvest operations,
field personnel may contaminate fresh fruits and
vegetables by simply touching them with an
unclean hand or knife blade. Portable field latrines
equipped with hand-washing stations must be
available and used by all harvest crew members.
Training, monitoring, and enforcement of field
worker hygiene practices, such as washing hands



after using the bathroom, are necessary to reduce
the risk of human pathogen contamination. Once
harvested, produce should not be placed on soil
before being placed in clean and sanitary field
containers. Field harvesting tools should be clean
and sanitary and should not be placed directly

in contact with soil. Field containers should be
cleaned and sanitized on a regular basis and
should be kept free of contaminants such as mud,
industrial lubricants, metal fasteners, or splinters.
Plastic bins and containers are recommended as
they are easier to clean and sanitize than wooden
ones.

Sanitary Postharvest Handling of Produce.
Depending on the commodity, produce may be
field-packed in containers that will go all the way
to the destination market, or it may be temporarily
placed in bulk bins, baskets, or bags that will

be transported to a packing shed. Employees,
equipment, cold storage facilities, packaging
materials, and any water that will contact the
harvested produce must be kept clean and sanitary
to prevent contamination.

Employee Hygiene. Gloves, hairnets, and clean
smocks are commonly worn by packing house
employees in export-oriented packing sheds. The
cleanliness and personnel hygiene of employees
handling produce at all stages of production and
handling must be managed to minimize the risk of
contamination. Adequate bathroom facilities and
hand-washing stations must be provided and used
properly to prevent contamination of produce by
packing house employees. Shoe- or boot-cleaning
stations may also be in place to reduce the amount
of field dirt and contamination that enters the
packing shed from field operations. Employee
training in sanitary food handling practices

should be done when an employee is hired, before
beginning work, and on a regular basis thereafter.
All training should be documented and kept on
file.

Equipment. Food contact surfaces on conveyor
belts, dump tanks, etc. should be cleaned and
sanitized on a regularly scheduled basis with
approved cleaning compounds. A 200 ppm (200
pL L) NaOCI solution (bleach) is an example of

a food-contact-surface sanitizer. Sanitizers should
be used only after thorough cleaning with abrasion
to remove organic material such as dirt or plant
materials. Steam or high-pressure water should be
used with care as it may create bacterial aerosols
and actually help spread contamination throughout
the packinghouse facility.

Cold Storage Facilities. Cold storage facilities,
and in particular refrigeration coils, refrigeration
drip pans, forced-air cooling fans, drain tiles,
walls, and floors, should be cleaned and sanitized
on a regular basis. The human pathogen Listeria
monocytogenes can multiply at refrigerated
temperatures in moist conditions and may
contaminate produce if condensation from
refrigeration units or ceilings drips on to the
produce. A common environmental pathogen, L.
monocytogenes, may get on walls, in drains, and
into cooling systems. Comprehensive sanitation
programs that target these areas are important in
preventing establishment of this pathogen.

Packaging Materials. All packaging materials
should be made of food-contact-grade materials
to ensure that toxic compounds in the packaging
materials do not leach out of the package and
into the produce. Toxic chemical residues may
be present in some packaging materials due to
use of recycled base materials. Packages, such
as boxes and plastic bags, should be stored in

an enclosed storage area to protect them from
insects, rodents, dust, dirt, and other potential
sources of contamination. Plastic field bins and
totes are preferred to wooden containers since
plastic surfaces are more amenable to cleaning
and sanitizing. Field bins should be cleaned and
sanitized after every use. Wooden containers

or field totes are almost impossible to sanitize
since they have a porous surface and wooden

or metal fasteners, such as nails from wooden
containers, may accidentally be introduced into
produce. Cardboard field bins, if reused, should
be inspected for cleanliness and lined with clean
plastic bags before reuse to prevent risk of cross-
contamination.
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Produce Wash-Water and Hydrocooling Water.
All water that comes in contact with produce for
washing, hydrocooling, or vacuum cooling must
be potable. To achieve this, water should contain
between 2 and 7 ppm (pL L?) free chlorine and
have a pH between 6 and 7. Total chlorine up to
200 pL Lt is allowed by law, though 50 to 100
ppm (UL L?) is usually sufficient if the pH of

the water is between 6 and 7. Alternatively, an
oxidation-reduction potential greater than 650
mV using any oxidative sanitizer will ensure

that bacteria in the water are killed on contact.
Chlorine use prevents cross-contamination of
produce in the washing or hydrocooling system
but it will not sterilize the produce. Rinsing
produce with potable water will reduce the
number of microorganisms present on the produce
but will not remove all bacteria.

Refrigerated Transport. Produce is best shipped
in temperature-controlled refrigerated trucks.
Maintaining most perishables below 5 °C (41
°F), except for tropical fruit, will extend shelf-
life and significantly reduce the growth rate

of microbes, including human pathogens. Cut
produce, including tropical fruits, should always
be stored below 5 °C (41°F). Trucks used during
transportation should be cleaned and sanitized

on a regular basis. Trucks that have been used to
transport live animals, animal products, or toxic
materials should not be used to transport produce.

Recall and Traceback Plans. Recall of product is
the last line of defense in a food safety emergency.
This action may be initiated by the company,
performed on a voluntary basis, or done at the
request of the FDA because of a suspected

hazard in the product. The FDA has defined three
recall classifications and FDA actions. Class |

IS an emergency situation involving removal of
products from the market that could lead to an
immediate or long-term life-threatening situation
and involve a direct cause-effect relationship; for
example, C. botulinum in the product. Class Il is a
priority situation in which the consequences may
be immediate or long term and may be potentially
life threatening or hazardous to health; for
example, Salmonella in food. Class 11 is a routine
situation in which life-threatening consequences
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(if any) are remote or nonexistent. Products are
recalled because of adulteration (filth in produce
relating to aesthetic quality) or misbranding (label
violation), and the product does not involve a
health hazard. Every food provider should develop
a recall or trace-back plan and an organizational
structure that enable it to remove product from the
market in a rapid and efficient manner.

Good Manufacturing Practices (GMPs)

GMPs ensure that food for human consumption
is safe and has been prepared, packed, and held
under sanitary conditions. GMPs are mandatory
for the fresh-cut produce industry, but not
mandatory for packinghouse or field operations
that simply handle whole produce. However,
though GMPs are not mandatory for packing
sheds, they are mostly good common sense

and are recommended for all produce-handling
facilities.

The Code of Federal Regulations describes the
conditions under which food must be processed
and handled. The regulations cover general
provisions, buildings and facilities, equipment,
production and process controls, and defect action
levels. Many of the GMPs are simple good sense,
such as washing hands after using the restrooms
and wearing hairnets when working with food.
Unlike GAPs, GMPs are regulations and have

the weight of law: A food processor must comply
with GMPs. Copies of the Current GMPs (CGMP)
can be obtained by subscribing to the Federal
Register or by ordering 21 CFR 100-169 (Code
of Federal Regulations, Title 21, Food and Drugs,
Pt. 100-169). Submit a check or money order to
Superintendent of Documents, U.S. Government
Printing Office, Washington, DC 20402; or
telephone the Government Printing Office at
202-783-3238 to order by credit card.

Personnel GMPs. Personnel working in food
processing plants or packinghouses can be a
significant source of food contamination. This
includes production employees, maintenance
employees, supervisors, and management. It is the
responsibility of processing plant management to
educate and train all food handlers about sanitary



handling of foods. Employees experiencing
diarrhea, vomiting, open skin sores, boils, fever,
or disease should report these symptoms to their
supervisor and should not be allowed to work with
food products. All food handlers should have clean
outer garments or frocks and thoroughly wash
their hands before entering a food processing area,
especially after toilet use. No jewelry (earrings,
pendants, rings, etc.), pens, or wrist watches
should be allowed in food processing areas,
because these items may fall into food products
unnoticed. Intact, clean, and sanitary gloves and
hair restraints should be used by all personnel in
food handling areas.

Physical Plant and Grounds. Food processing
plants and produce packing houses should be
constructed so as to segregate food handling
activities from the outside environment. The
physical building itself should have no openings
or gaps which could allow entrance by rodents,
insects, or birds. Surrounding grounds should be
free of clutter such as equipment, litter, waste,
refuse, or animal feces. No unpaved or dusty roads
should be adjacent to food handling facilities,
and areas surrounding the structure should be
adequately drained so that no standing or pooled
water is present. Vegetation surrounding the
processing plant should be kept down to prevent
the formation of breeding grounds for rodents.
Rodent traps should be placed on the outside
perimeter of the grounds and be inspected and
serviced regularly.

Plant Construction and Design. The most
important aspect of sanitary food plant and
produce packinghouse design is sufficient space
for sanitary operations. Processing areas should
be designed for easy cleaning and sanitation.
Floors, walls, and ceilings should be made of a
cleanable, noncorrosive, nonabsorbent material
and be in good repair. Floors should have rounded
corner joints where they meet the wall to allow
for easy cleaning. Processing plant floors should
be constructed of sealed concrete or tile to
withstand the physical and chemical abuses from
machinery and cleaning chemicals. Equipment
should be constructed of stainless steel to prevent

corrosion. Overhead pipes, ducts, and fixtures
should not be suspended over work areas, and
horizontal surfaces of these items should be
minimized to reduce accumulation of dust and
water condensation. Where possible, overhead
structures should be hidden above a false ceiling,
and all hoses, pipes and electrical conduits should
descend vertically from the ceiling so as to not
provide horizontal surfaces for accumulation of
filth. Adequate lighting should be provided and
all light bulbs should be covered to ensure that
broken glass cannot contaminate food products.

All water (rinse, flume, cleaning, ice, etc.) used
in food processing must be of proper sanitary
quality. Plumbing should be of adequate size and
design to handle the amount of product being
processed. Produce handling environments are
usually wet; therefore, sloping floors with drains
should be present to remove excess water from
the processing area. Sanitary sewer lines should
be separate from floor drains to ensure that cross-
contamination of the processing area from sewage
backflow does not occur.

An adequate number of toilets and hand-washing
stations should be available to accommodate

all employees. Restroom facilities should not
open into processing areas. Hot running potable
water, soap, and hand towels should be available
at all times. Signs should be posted to instruct
employees to wash their hands after using the
restroom. Employee frocks, gloves, and knives
should never be taken into the restrooms, and
adequate storage space should be made available
directly outside the restroom door for temporary
storage of these items. Heating, ventilation, and
air-conditioning (HVAC) systems may feature
filtered positive air pressure in processing plants
because of the potential for airborne pathogen
contamination. HVAC units should blow air along
the ceiling and down the walls to keep the walls
dry and free of condensation.

Sanitation Procedures. Cleaning and sanitation
are some of the most important programs in any
food processing plant or packing shed. Cleaning is
the removal, through physical action, of debris and
filth. Sanitation is the application of antimicrobial
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compounds. Sanitation cannot be effective until
surfaces are cleaned. Regular and scheduled
equipment cleaning and sanitizing ensures that
food products are being processed under hygienic
conditions. Cleaning and sanitation is best done
by a specially trained sanitation and cleaning crew
and not by production personnel. A sanitation
program in a food processing plant consists of two
main elements: a master sanitation schedule and a
monitoring program.

Master Sanitation Schedule. A written master
sanitation schedule should be in place to ensure
that all areas of a food processing plant or packing
shed are cleaned and sanitized on a regular basis.
The master sanitation schedule should detail the
area to be cleaned, the sanitation method, tools,
cleaning materials, and frequency of cleaning.
There are five steps involved in cleaning and
sanitizing:

1. Physical debris removal

2. Rinsing

3. Washing with detergent

4. Second rinsing

5. Sanitizing

It is critical that cleaning—that is, removal of
debris and food particles—be done prior to any
sanitation steps, because many sanitizers are
inactivated by organic materials. Once gross or
large pieces of food are removed, equipment
should be rinsed with potable water to remove
smaller particles. Then, soaps and detergents
should be applied. Mild abrasion should be used
to scrub equipment clean and remove caked-on
food particles and biofilms (layers of bacteria). All
soaps and detergents used should be approved for
use on food contact surfaces. After cleaning, soaps
and detergents should be removed by rinsing
equipment with potable water. After rinsing,
equipment should be sanitized to kill microbes.
Sanitizing consists of rinsing all food contact
surfaces with bactericidal compounds such as
chlorine, iodine, or quaternary ammonia. Product
manufacturer’s directions for sanitizers and
cleaning chemicals should be strictly followed.

Written sanitation standard operating procedures
(SSOPs) for cleaning and sanitation should be
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prepared for specific pieces of equipment that
are cleaned on a regular basis. This ensures that
the equipment is cleaned properly regardless of
who does the cleaning. SSOPs should specify the
following:

* What: identifies task

* Why: purpose of task

* When: frequency of task

* Who: person responsible for task

* How: steps for completing task

A sample SSOP for sanitation of drains might take
the following form:



Sanitation of Drains

Goal:

Frequency:

Procedure:

Prevent build-up of contaminants (especially Listeria monocytogenes) in drains that
could cross-contaminate product

Daily

. Remove all grates and coverings over drains.

. Remove and dispose of all debris in drains.

. Rinse drains and drain coverings to remove loose debris.

. Mix chlorine-based soap as follows.

. Apply soap to drains and drain coverings.

Scrub drains and drain coverings vigorously with brushes to remove invisible films.
. Rinse thoroughly to remove soap. Must rinse thoroughly for sanitizing solution to

be effective.

. Mix quarternary ammonia sanitizer solution as follows.

Irrigate all drains and spray (or soak) coverings with sanitizer solution.
Replace grates and drain coverings.

. The Sanitation Crew Chief then inspects all sanitized drains.

The Sanitation Crew Chief writes the time and date and signs the sanitation log
for drains. If any drain does not pass inspection, the Crew Chief notes that in the
log and the crew must rewash and resanitize until it passes inspection.

Cleaners and Sanitizers. There are numerous

cleaning and sanitizing compounds available for

use in food processing plants and packing sheds.

These compounds fall into five categories:

* Chelators: tie up cations or salts; for
example, EDTA (ethylenediaminetetraacetic

acid)

* Alkalines: excellent detergents; for example,
sodium hydroxide

* Acids: remove mineral deposits; for
example, phosphoric acid

* Wetting agents: emulsify and penetrate soil;
for example, alkyl sulfates

* Sanitizers: kill microbes; for example,
sodium hypochlorite
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Table 3. Comparison of common sanitizers

Chlorine Iodine QUATS Acid-anionic
surfactants
Effectiveness against:
Gram-positive bacteria, Good Best Good Good
(lactics, clostridia, Bacillus,
Staphylococci)
Gram-negative bacteria (E. coli, Best Good Poor Good
Salmonella, psychrotrophs)
Yeast and molds Best Good Good Good
Spores Best Poor Fair Fair
Viruses Best Good Poor Poor
Effects on property:
Corrosive Fairly Slightly No Slightly
Affected by hard water No Slightly Type A*, No Slightly
Type BT, Yes
Irritating to skin Yes, >100 uL L*  Not at levels No Yes
used
Maximum level permitted by 200 pL L* 25 pL L* 200 pL L* 200400 pL Lt
FDA without rinse based on type
Affected by organic matter Most affected Somewhat  Least affected Somewhat
Cost Cheapest Cheap Expensive Expensive
Tests for active residual Simple Simple Difficult Difficult
Stability in hot solution Unstable; some Highly Stable Stable
(>150 °F) compounds stable  unstable
Leaves active residue No Yes Yes Yes
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Table 3. Comparison of common sanitizers—Continued

Chlorine Iodine QUATS Acid-anionic
surfactants
Incompatible with— Phenols, amines,  Starch, silver Anionic wetting Cationic
soft metals agents, soaps, surfactants,
wood, cloth, alkaline
cellulose, nylon cleaners
Effective at neutral pH Yes No Yes No

Source: Adapted from Katsuyama and Strachan (1980)
*Type A: alkyl dimethyl benzyl ammonium chloride.

"Type B: methyl dodecyl benzyl trimethyl ammonium chloride.

Chlorine is by far the most commonly used
sanitizer at 100 to 200 pL L. It is important that
water containing chlorine be free from organic
matter and have a pH between 6.0 and 7.0. If
either of these conditions is not met, then the
chlorine is ineffective.

Monitoring Program. Before processing or
packing begins, sanitation crew performance
should be evaluated on a daily basis to ensure
that conditions are hygienic. Visual inspection
should be performed to ensure that no food
particles or foreign matter are present on
processing equipment. In particular, areas that
are difficult to clean should be inspected, such

as the underside of conveyors and peeling
equipment. Unfortunately, visual inspection is
not enough to ensure that equipment has been
sanitized properly. The number of microbes
present on processing equipment after sanitation
operations should be determined on a regular basis
to evaluate sanitation crew performance. Such
determination can be made using one of three
methods: petri contact plate, surface swabbing, or
bioluminescence.

Petri Contact Plate. Plastic petri plates or

films contain sterile agar with growth media

for microbes and the type of microbes that will
grow on these plates is determined by the type of
medium used. In this method, petri plates or films
are pressed up against food contact surfaces and

the location is noted. The plates are then incubated
in the laboratory; if microbes were present on the
sampled surfaces, they will grow on the agar. A
low bacteria count per square centimeter means
that the sanitation crew is doing a good job at
cleaning and sanitizing. If the number of microbes
dramatically increases, an evaluation of sanitation
procedures is in order.

Surface Swabbing. A variation of the petri plate
method is to use sterile swabs to collect samples
from food contact surfaces. Wet sterile swabs are
used to brush an area of a food contact surface.
The swab is then placed in a container with sterile
solution. Bacteria are counted after incubation

as above. Swabs and films for environmental
sampling are commercially available from several
companies.

Bioluminescence. The contact petri plate or swab
methods are good for monitoring sanitation

crew performance, but results are not available
immediately. Another microbe detection method,
called bioluminescence, is capable of detecting the
presence of microbes immediately. This method
relies on measuring the amount of ATP (adenosine
triphosphate) that is present on food contact
surfaces. ATP is present in all living cells and

thus is a good indicator of the presence of organic
material. This test is similar to the swab testing
method except that the cleanliness of equipment is
determined within minutes after the swab is taken.
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In this test, equipment is swabbed and the amount
of ATP present is determined by a chemical test
kit. These test kits are available from a number

of suppliers. Bioluminescence test results are
available immediately and can determine if
cleaning and sanitation procedures must be
repeated before processing or packing begins.

Hazard Analysis Critical Control Points
(HACCPs)

HACCP is a food safety system developed by

the Pillsbury Company to reduce risk associated
with food eaten by astronauts during space flights.
HACCP is a system for the prevention of physical,
chemical, or microbial contamination of food. The
prime function of HACCP is to prevent identified
hazards in food preparation through control of the
process. HACCP functions as the final stage of

an integrated food safety program and includes
Good Agricultural Practices (GAPs), Good
Manufacturing Practices (GMPs), and Sanitation
Standard Operating Procedures (SSOPs). In fact,
HACCP can only be effective if these programs
are in place and functioning properly. There is no
minimum or maximum number of Critical Control
Points (CCPs) in any given operation. What is
important is that all potential hazards be addressed
through prerequisite programs or HACCP. Those
hazards that can be controlled or minimized
through quantitative control of a process may

be designated CCPs and included in a HACCP
program. Fresh-cut processors may have as few as
two Critical Control Points (CCPs) in a perfectly
adequate HACCP plan.

HACCP is a systems approach to ensure safety

of a food product; it is not a means of ensuring
food quality. Prevention of physical, chemical,
and microbial contamination of produce during
packing or processing is essential to ensure
production of a safe product. It is recommended
that each produce handling operation identify an
individual for formal HACCP training and to be in
charge of a team responsible for implementing the
HACCP program. HACCP programs should be as
simple as possible, without an excessive number
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of CCPs. Each HACCP program is unique and
must be tailored to the specific operation.

There are seven basic steps in an HACCP
program:
1. Conduct a hazard analysis
2. Determine CCPs to control the identified
hazards
3. Establish critical limits for each CCP
4. Establish CCP monitoring requirements
5. Establish corrective actions to be taken
when a CCP is outside critical limits
6. Establish record-keeping systems to
document the HACCP program
7. Establish procedures to verify that the
HACCP program is functioning as intended.

Assessment of Hazards

Each unit operation should be evaluated to
identify potential sources of microbial, chemical,
and physical hazards that may be introduced

into produce. Areas that should be evaluated

are growing and harvesting operations, packing
shed operations, packaging material and storage
areas, and all steps in distribution. This process is
best accomplished by a team consisting of both
management and production personnel. (Example:
Hydrocooling water contamination, microbial or
chemical.)

Determination of CCPs to Control the Identified
Hazards

The next step in developing a HACCP program is
to draw a flow diagram for the specific operation
and then determine where each of the identified
hazards may be prevented. Each point that will
be monitored to control a specific hazard may be
designated a CCP. (Example: A chlorine injection
system on a hydrocooler.)

Establishment of CCP Limits

Once CCPs have been identified, critical limits

must be set to determine when corrective actions
need to be taken. Limits must be observable and
measurable. (Example: Hydrocooler water must



have a chlorine level of 100 to 150 pL L* total
chlorine and a pH of 6.0 to 7.5.)

Establishment of CCP Monitoring Procedures

It is critical to define clearly how often monitoring
will be done, how measurements will be taken,
and what documentation will be prepared.
(Example: Hydrocooler water pH and chlorine
levels will be monitored hourly using a test kit and
continuously with a strip chart recorder that has
been calibrated daily; hourly pH and chlorine level
measurements will be recorded in writing; and the
records will be made available for inspection at
the hydrocooler.)

Corrective Action When Deviations From
Critical Limits Occur

When a deviation from the prescribed limits
occurs, corrective action must be taken to
eliminate potential contamination. All deviations
and corrective actions must be documented in
writing. (Example: Chlorine levels are determined
to be below 25 pL L*. Hydrocooling of product

is stopped, chlorine levels are adjusted, and all
products that had been hydrocooled since the last
time the system was verified to be within critical
limits are disposed of.)

HACCP Recordkeeping Systems

All paperwork related to the HACCP system

must be kept in an orderly and accessible manner.
Paperwork kept should include production records
(for example, supplier audits), harvesting records
(for example, harvest dates and lot numbers), CCP
monitoring records, and deviation file (HACCP
deviations and corrective actions taken).

HACCP Verification

Periodic HACCP plan review, including review
of CCP records, deviations, and random sampling
must be conducted to ensure that the HACCP
program is functioning properly.

Application of HACCP

When considering applying these principles

to a farm operation, one can immediately see

the difficulty in controlling naturally occurring
hazards. For example, bird droppings in an
orchard may potentially represent a hazard from
the spread of E. coli O157:H7 or Salmonella spp.
However, it may not be a CCP because there is

no way to prevent that hazard by controlling a
process. Furthermore, there is no way to quantify
and measure bird droppings to know if they are
within critical limits. The same would also be true
of Clostridium botulinum spores in soil. Though
they may represent a potential hazard, it would not
be appropriate to establish soil as a CCP because
it is not practical to measure the spores in soil or
to control them through any known process. In
fact, most agricultural hazards cannot, and should
not, be prevented through HACCP. Instead, the
use of GAPs has been identified by the FDA and
the produce industry as a more appropriate way to
address these hazards.

Another example is a cold storage room in a
packinghouse where condensed water from
refrigeration coils may contain the bacterium
Listeria monocytogenes and could drip on the
product. This is certainly a significant hazard,
but is it a CCP? It would not be practical to
develop a process to prevent water from dripping
or to quantify and monitor water dripping from
refrigeration coils. A more appropriate way to deal
with this hazard is through SSOPs. Refrigeration
coils and drip pans should be cleaned and
sanitized according to a predetermined schedule
to prevent the growth of L. monocytogenes in the
condensate. This way, the hazard is prevented
more effectively and more simply than by
designating a CCP.

There is no minimum or maximum number of
CCPs in any given operation. What is important
is that all potential hazards be addressed through
prerequisite programs or through HACCP. Those
hazards that can be controlled or minimized
through quantitative control of a process may
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be designated CCPs and included in a HACCP
program. Fresh-cut processors may have as few as
two CCPs in an adequate HACCP plan.

The Fresh-Cut Industry

Consumers expect that fresh-cut processors will
manufacture wholesome and nutritious foods.
To do this, fresh-cut processors must have
systems in place to ensure that products being
manufactured do not have physical, chemical,
or microbial contaminants introduced during
processing and packaging. If such systems

are not in place, consumers are at risk and a
single incidence of personal injury traced back
to a specific food manufacturer may put that
company out of business and result in criminal
prosecution of the owners and management.
Ensuring that food products are manufactured
in a safe and wholesome manner does add cost
to the final product. However, the long-term
success of every food processor depends on its
ability to consistently produce safe products.
Food safety should not be confused with food
quality. Food safety programs simply ensure that
food products are safe to consume and prevent
injury to consumers. Food safety does not begin
at the processing plant receiving dock and the
production of raw ingredients should be done
following GAPs.

Fresh-cut produce can be damaged through
peeling, cutting, slicing, or shredding. These same
operations can transfer pathogenic microbes from
the surface of the intact produce to the internal
tissues. Injured cells and released cell fluids
provide a nourishing environment for microbial
growth. Maintaining low temperature throughout
distribution is critical to maintaining quality of
fresh-cut fruits and vegetables. Low temperatures
reduce enzymatic reactions and greatly slow down
the multiplication of spoilage organisms. Low
temperatures also prevent the multiplication of
most foodborne pathogens, with the exception of
Listeria monocytogenes and a few others that are
capable of growing, albeit slowly, at refrigerated
temperatures.
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Emphasis should be placed on preventing
contamination by pathogens. The best way to
prevent the introduction of pathogens into fresh-
cut produce is by employing GAPs, GMPs,
SSOPs, and, in some cases, by implementing

an effective HACCP program. Such a program
identifies potential points of contamination and
ensures that those potential hazards are controlled
and monitored to enhance safety. HACCP and
food safety do not begin and end at the doors of
the handling facility. They require that the produce
handler work with both suppliers and customers
to maintain food safety throughout the production,
distribution, and marketing chain.

Sprouts—A Special Case

Over the past several years, sprouts have become
a common fresh produce item linked to foodborne
illness. A scientific advisory group to the FDA has
recognized sprouts as a special problem. This is
because bacterial pathogens that may be present
at very low levels on sprout seeds at the time of
sprouting can multiply to very high levels during
the 3- to 5-day sprouting process.

Most sprout outbreaks have been caused by seed
that was contaminated with a bacterial pathogen
before sprouting began. Pathogens can survive

for months under dry conditions used for seed
storage. Though contaminated alfalfa seeds have
been identified as the source in many outbreaks,
clover, radish, and bean sprouts have also been
associated with outbreaks. Any type of sprout seed
may potentially be contaminated with bacterial
pathogens before sprouting.

The FDA published guidelines for sprout
processors to reduce the potential for foodborne
ilIness related to sprouts. The guidelines include
treatment of seeds in a sanitizer solution (currently
a special allowance for 20,000 pL L chlorine)
prior to sprouting, as well as testing of the sprout
wash-water for Salmonella, E. coli O157:H7, and
L. monocytogenes prior to harvest.



The FDA has published two related documents,
entitled “Guidance for Industry: Reducing
Microbial Food Safety Hazards for Sprouted
Seeds” and “Guidance for Industry: Sampling

and Microbial Testing of Spent Irrigation Water
During Sprout Production.” These guidelines are
intended to provide recommendations to suppliers
of seed for sprouting and to sprout producers
about how to reduce microbial food safety hazards
found in the production of raw sprouts. The
guidelines are also intended to help ensure that
sprouts are not a cause of foodborne illness and
that those in the sprout industry comply with food
safety provisions of the Federal Food, Drug, and
Cosmetic Act.
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Fruits, nuts, and vegetables play a significant

role in human nutrition, especially as sources

of dietary fiber, minerals, and vitamins—C
(ascorbic acid), A, thiamine (B,), niacin (B,),
pyridoxine (B,), folacin (also known as folic

acid or folate), B,, and E (Quebedeaux and Bliss
1988, Quebedeaux and Eisa 1990, Craig and Beck
1999, Wargovich 2000). Their contribution as a
group is estimated at 91% of vitamin C, 48% of
vitamin A, 30% of folacin, 27% of vitamin B,
17% of thiamine, and 15% of niacin in the U.S.
diet. Fruits and vegetables also supply 16% of
magnesium, 19% of iron, and 9% of calories.
Legume vegetables, potatoes, and tree nuts, such
as almond, filbert, pecan, pistachio, and walnut,
contribute about 5% of the per-capita availability
of proteins in the U.S. diet, and their proteins are
of high quality because they contain essential
amino acids. Nuts are a good source of essential
fatty acids, fiber, vitamin E, and minerals.

Other important nutrients supplied by fruits and
vegetables include riboflavin (B,), zinc, calcium,
potassium, and phosphorus. Fruits and vegetables
remain an important source of nutrients in many
parts of the world and offer advantages over
dietary supplements because of low cost and wide
availability.
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Dietary supplements, while advantageous for
conditions in which specific nutrients are needed
in abundance such as iron deficiency, may be
poorly absorbed. Climatic conditions, particularly
temperature and light intensity, have an especially
strong effect on the nutritional quality of fruits

and vegetables (Mozafar 1994). Low temperatures
favor synthesis of sugars and vitamin C (glucose
being the precursor to ascorbic acid) and at the
same time decrease the rate of ascorbic acid
oxidation. Maximum B-carotene (vitamin A)
content in tomatoes occurs at a temperature range
of 15 to 21 °C (59 to 70 °F), but B-carotene content
is reduced if temperatures are higher or lower

than this range, principally due to the temperature
sensitivity of lycopene, the precursor to B-carotene
and lutein.

The B vitamins are crop specific when it comes

to temperature sensitivity. Warm-season crops
(beans, tomatoes, peppers, melons, etc.) produce
more B vitamins at high (27 to 30 °C, 81 to 86 °F)
than at low (10 to 15 °C, 59 to 70°F) temperatures.
Conversely, cool season crops (broccoli, cabbage,
spinach, peas, etc.) produce more B vitamins at
low than at high temperatures. Light intensity

has little effect on the B vitamins; but, as light
intensity increases, vitamin C increases and total
carotenoids (vitamin A precursors) and chlorophyll
decrease (Gross 1991). Higher light intensities
produce more sugars, leading to more vitamin C,
and also increase plant temperatures, inhibiting
B-carotene (vitamin A) production, which protects
chlorophyll from photobleaching. Soil type, the
rootstock used for fruit trees, mulching, irrigation,
fertilization, and other cultural practices influence
the water and nutrient supply to the plant, which
can affect the composition and quality attributes
(appearance, texture, taste, and aroma) of the
harvested plant parts (Goldman et al. 1999).
Other environmental factors that affect fruit and
vegetable nutritional quality are altitude, soil pH
and salinity, production practices (organic versus
conventional and greenhouse versus field), ozone,
insect injury, and plant diseases.

Maturity at harvest, fruit size, and harvesting
method influence the commodity’s quality and
extent of physical injuries. Delays between



harvest and consumption or processing can

result in losses of flavor and nutritional quality.
The magnitude of these losses increases with
exposure to temperature, relative humidity, and/
or concentrations of O,, CO,, and C_H, outside
the ranges that are optimum for each commodity
during the entire postharvest handling system (Lee
and Kader 2000). Furthermore, processing and
cooking methods can greatly affect the nutritional
value of fruits and vegetables. For instance, water-
soluble vitamins such as vitamin C and folate

are lost when cooking water is discarded, while
fat-soluble compounds such as lycopene may be
stabilized or enhanced by cooking.

Fruits, nuts, and vegetables in the daily diet have
been strongly associated with reduced risk for
some forms of cancer, heart disease, stroke, and
other chronic diseases (Quebedeaux and Bliss
1988, Quebedeaux and Eisa 1990, Produce for
Better Health Foundation 1999, Prior and Cao
2000, Southon 2000, Wargovich 2000, Tomas-
Barberan and Espin 2001, Hyson 2002, Goldberg
2003). Some components of fruits and vegetables
(phytochemicals) are strong antioxidants and
function to modify the metabolic activation and
detoxification and disposition of carcinogens or
even influence processes that alter the course

of the tumor cell (Wargovich 2000). Though
antioxidant capacity varies greatly among fruits
and vegetables (Prior and Cao 2000, Perkins-
Veazie and Collins 2001, Kalt 2002), it is better
to consume a variety of commodities rather than
limiting consumption to a few with the highest
antioxidant capacity. The Dietary Guidelines

for Americans, 2010 (USDA and HHS 2010) in
part advises filling half your plate with fruits,
vegetables, cooked beans, and grains. Such a
healthy eating pattern also embodies food safety
principles to avoid foodborne illness. In some
countries, consumers are encouraged to eat up to
10 servings of fruits and vegetables per day.

There is increasing evidence that consumption
of whole foods is better than isolated food
components such as dietary supplements

and nutraceuticals. For example, increased
consumption of carotenoid-rich fruits and
vegetables was more effective than carotenoid

dietary supplements in increasing LDL oxidation
resistance, lowering DNA damage, and inducing
higher repair activity in human volunteers who
participated in a study conducted in France, Italy,
The Netherlands, and Spain (Southon 2000).

In another study, adding antioxidant (vitamins

A, C, and E) dietary supplements into the diet

of cancer treatment patients who were eating a
balanced diet of fruits and vegetables negatively
affected their radiotherapy and chemotherapy
(Seifried et al. 2003). High consumption of
tomatoes and tomato products has been linked

to reduced carcinogenesis, particularly prostate
cancer, and has been thought to be due to the
presence of lycopene, which gives red tomatoes
their color (Giovannucci 2002). However,

use of tomato powder effectively reduced
prostate carcinogenesis in rats, while lycopene
supplements, considered the primary active
ingredient of tomatoes, had no effect (Boileau et
al. 2003). Similar comparative studies are needed
on other constituents of fruits and vegetables

and on the bioavailability of nutrients taken as
dietary supplements or as foods that contain these
nutrients.

Examples of the phytochemicals in fruits and
vegetables that have established or proposed
positive effects on human health and their
important sources are shown in tables 1 and

2. Some changes in these tables are likely as

the results of additional studies on effects of
phytochemicals and their bioavailability on human
health become available in the next few years.
Meanwhile it is important to evaluate the validity
and dependability of the results of every study
before reaching conclusions for the benefit of
consumers.
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Table 1. Nutritive constituents of fruits and vegetables that have positive effects
on human health and their sources

Constituent Sources Established or
proposed effects on
human wellness

Vitamin C Broccoli, cabbage, cantaloupe, citrus fruits, Helps prevent scurvy
(ascorbic guava, kiwifruit, leafy greens, pepper, and cardiovascular
acid) pineapple, potato, strawberry, tomato, disease; aids
watermelon wound healing and
immune system
Vitamin A Dark-green vegetables (such as collards, spinach, Helps prevent

(carotenoids)

Vitamin K

Vitamin E
(tocopherols)

Fiber

Folate
(folicin or
folic acid)

Calcium
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and turnip greens), orange vegetables (such as
carrots, pumpkin, and sweet potato), orange-
flesh fruits (such as apricot, cantaloupe, mango,
nectarine, orange, papaya, peach, persimmon,
and pineapple), tomato

Nuts, lentils, green onions, crucifers (cabbage,
broccoli, brussel sprouts, etc.), leafy greens

Nuts (such as almonds, cashew nuts, filberts,
macadamias, pecans, pistachios, peanuts, and
walnuts), corn, dry beans, lentils and chickpeas,
dark-green leafy vegetables

Most fresh fruits and vegetables, nuts, cooked dry
beans and peas

Dark-green leafy vegetables (such as spinach,
mustard greens, butterhead lettuce, broccoli,
brussels sprouts, and okra), legumes (cooked
dry beans, lentils, chickpeas, and green peas),
asparagus

Cooked vegetables (such as beans, greens, okra,
and tomatoes), peas, papaya, raisins, orange,
almonds, snap beans, pumpkin, cauliflower,
rutabaga

night blindness,
chronic fatigue,
psoriasis, heart
disease, stroke, and
cataracts

Aids synthesis of
procoagulant
factors; helps
prevent
osteoporosis

Helps prevent heart
disease, LDL
oxidation, cancer,
and diabetes; aids
immune system

Helps prevent
diabetes and heart
disease

Helps prevent birth
defects, cancer, and
heart disease; aids
nervous system

Helps prevent
osteoporosis;
helps lower blood
pressure; aids
muscles, skeleton,
and teeth



Table 1. Nutritive constituents of fruits and vegetables that have positive effects

on human health and their sources—Continued

Constituent

Sources

Established or
proposed effects on
human wellness

Magnesium

Potassium

Spinach, lentils, okra, potato, banana, nuts, corn,
cashews

Baked potato or sweet potato, banana and
plantain, cooked dry beans, cooked greens,
dried fruits (such as apricots and prunes),
winter (orange) squash, cantaloupe

Helps prevent
osteoporosis; aids
nervous system,
teeth, and immune
system

Helps prevent
hypertension (high
blood pressure),
stroke, and
arteriosclerosis
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Table 2. Nonnutritive plant constituents that may be beneficial to human health

Constituent Compound Sources Established or
proposed effects on
human wellness

Phenolic compounds
Proanthocyanins  Tannins Apple, grape, cranberry, Help prevent cancer

Anthocyanidins

Flavan-3-ols

Flavanones

Flavones

Flavonols

Phenolic acids

Carotenoids
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Cyanidin, malvidin,
delphinidin,
pelargonidin,
peonidin,
petunidin

Epicatechin,

Hesperetin,
naringenin,
eriodictyol

Luteolin, apigenin

Quercetin,
kaempferol,
myricetin, rutin

Caffeic acid,
chlorogenic acid,
coumaric acid,
ellagic acid

pomegranate

Red, blue, and purple
fruits (such as apple,
blackberry, blueberry,
cranberry, grape,
nectarine, peach, plum
& prune, pomegranate,
raspberry, and
strawberry)

Apples, apricots,
blackberries, plums,
raspberries, strawberries

Citrus (oranges, grapefruit,
lemons, limes,
tangerines, etc.)

Celeriac, celery, peppers,
rutabaga, spinach,
parsley, artichoke, guava,
pepper

Onions, snap beans,
broccoli, cranberry, kale,
peppers, lettuce

Blackberry, raspberry,
strawberry, apple, peach,
plum, cherry

Help prevent
heart disease,
cancer initiation,
diabetes,
cataracts, and
allergies; help
lower blood
pressure

Help prevent
platelet
aggregation and
cancer

Help prevent cancer

Help prevent
cancer, allergies,
and heart disease

Help prevent heart
disease and
cancer initiation;
are capillary
protectants

Help prevent
cancer; help
lower cholesterol



Table 2. Nonnutritive plant constituents that may be beneficial to human health—

Continued
Constituent Compound Sources Established or
proposed effects on
human wellness
Lycopene Tomato, watermelon, Help prevent
papaya, Brazil