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Preface

Postharvest practices for the preservation of fruits, vegetables, and flowers are perhaps one
of the oldest in human history. With the understanding of the molecular processesthat occur
during plant senescence, this discipline has devel oped unique features of itsown. Tradition-
ally, postharvest scienceis considered as an applied science focusing on the physiological
aspects of enhancement of shelf life and preservation of quality of horticultural produce.
However, in the past two decades, biochemical and molecular biological aspects have been
extensively used for analyzing postharvest issues. The present work is a compilation of
some of the advances in basic aspects of postharvest science.

Postharvest issues are common around the world. The extent of the loss of horticultural
produce after harvest can vary in different countries. In those parts of the world where the
methods of agricultural production and storage employ advanced technology, postharvest
losses may be minimal, and most of it occurs during the transit of produce from the produc-
tion site to the destination along the consumer chain. The losses can range from 10 to 20%
by volume. In tropics where the production practices are basic and based on day-to-day
demand, the postharvest losses can be as high as 50% or over. It is surprising and a bit
disturbing to see that fruits are considered as luxury items in some parts of the world. In
an era where we consider the consumption of fruits and vegetables as a means of health
promotion, postharvest science gets a new meaning. Therefore, to compile the key aspects
of postharvest science through international authors has been helpful in addressing some
of these issues.

A common theme in most chapters is to link the biochemical and molecular aspects
relevant to that topic with postharvest implications. As well, several novel advances in
the area have been brought out. The chapters have been organized in such a way that the
physiological aspects are linked to the postharvest aspects. The chapters on biochemistry
of fruits, followed by flowers, give an overall picture of metabolic processesin horticultural
produce. The role of ethylene receptors, 1-MCP technology to block ethylene receptor
action changesto cell wall and membrane structure that occur during ripening, biosynthesis
of quality components, technologiesfor shelf life enhancement and quality preservation and
quality determination, and nutritional aspects, etc., have been dealt with in the following
chapters. Overall, the book covers severa topics that are not normally dealt within the
books dealing with postharvest science at present. An example will be the chapter on
membrane deterioration. The importance of membrane preservation and thus maintenance
of membrane compartmentalization isatopic that has been dealt with for over 20 years. Itis

Xi



Xii PREFACE

difficult tofind abook that deal swith thistopic at present. In addition, we have al so described
the technology of membrane preservation through the inhibition of phospholipase D, the
key enzyme that initiates membrane phospholipid degradation. Phospholipase D inhibition
technology using hexanal shows great promise and may serve as a widespread technology
for the preservation of organically grown horticultural produce.

While preparing this book, we have given adequate consideration to present the most
advanced information on all topics. In a constantly evolving field, thisis always not easy;
however, the contents are intended for students in the area of horticulture and postharvest
science aswell as scientistsand other professionals. We believe that the contentswill enrich
the knowledge and provide a fresh angle to several issuesin postharvest science. As well,
the contributions by internationally reputed experts in the area provide great depth to the
individual topics.

Theeditorial team wishesto thank all the contributorsfor their great effort and taking time
in completing the chapters in an excellent fashion and making this effort into a success.
The editorial team also wishes to thank the whole-hearted support, encouragement, and
professionalism shown by the publishing team at Wiley-Blackwell during the preparation
of the book and bringing it into a successful production.

Gopinadhan Paliyath
Dennis P. Murr
Avtar K. Handa
Susan Lurie
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Chapter 1

Postharvest Biology and Technology:
An International Perspective

Gopinadhan Paliyath, Dennis P. Murr, Avtar K. Handa, and Susan Lurie

1.1 Importance of fruits, vegetables, and flowers
in world economy

The production of fruits, vegetables, and flowers has been an important sector in the total
world agricultural output. Although an accurate economic contribution from these segments
around the world is difficult to obtain because of the reporting systems, it is estimated that
the contribution from these segments could be over US$600 billion. The globalization of
trade and free trade agreements have tremendously increased the transaction and transport
of these commodities across nations and continents. The weather patternsin the Northern
Hemisphere are not suited for the routine production of tropical produce, and therefore
fruits such as banana, pineapple, mango, citrus fruits, and tomato are exported to countries
in the Northern Hemisphere. The production of flowers in North America has severely
been affected by imports from South and Central America. Thus, fruits, vegetables, and
flowers are produced and transported from South and Central America and Mexico to the
United States and Canada; from Europe to Asia; from India to the Middle East; from
Israel and Egypt to Europe; from China to the Pacific region; and from Australia, New
Zedand, and South Africa to countries around the world. Canada alone, with a popula-
tion of nearly 30 million, imports these commodities valued in excess of US$3 hillion.
The cost of production is a factor that has positively influenced such trades. Countries
where labor costs are low can effectively compete with lower-priced produce. These fac-
tors have influenced the local economies and agricultural production practices in several
countries.

Several international and governmental agencies have kept track of fruitsand vegetables
available for consumption on a per capita basis. In the United States, the amount of fresh
and processed fruits available for consumption increased from 263 Ib per person per year in
1976 to 277 Ib per person per year in 2003, registering a 0.2% growth (Cook, 2004). Sim-
ilarly, the amount of fresh and processed vegetables available for consumption increased
from 622 |b per person per year in 1976 to 712 |b per person per year in 2003, register-
ing a 0.5% growth (Cook, 2004). Statistics Canada (Food Statistics, 2007) estimates that
total fruits available for consumption increased from 117 kg per capitain 1993 to 133 kg
per capitain 2004. The per capita availability of vegetables decreased from 187 kg in 1993
to 178 kg in 2004.
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1.2 Importance of fruits and vegetables as food

Human evolution was potentially linked initially to the consumption of naturally available
fruits and vegetables, which later might have resulted in the selection of preferred plants
and varieties for agriculture. The cultivation of grapes and its processing into wine is
a classic example of the use of fruits. Fruits and vegetables are also used in traditional
medical systems such as Ayurveda. Fruits and vegetables are major sources of several
essential nutrients that include vitamins A and C and folic acid. In addition, fruits and
vegetables are rich in antioxidants such as carotenoids, polyphenols, and anthocyanins
that help combat free radicals produced within the body and the excess production of
which hasbeen related to the devel opment of cardiovascular diseases, Alzheimer’s, macular
degeneration, and cancers. Fruits and vegetables are integral components of food in all
soci eties; however, in some parts of the world, thisislimited due to agricultural collapse or
sociopolitical conflicts. Fruits are considered as high-valueitems and not readily accessible
toeconomically challenged segmentsof popul ation around theworld. Withtheresultsfroma
number of epidemiological studiesspanning several countriesand continentsand population
groups showing the relation between increased fruit and vegetable consumption and a
reduced risk of developing maladies such as cardiovascular and cerebrovascular diseases,
cancer, neurodegenerative diseases such as Alzheimer’s, and macular degeneration. A very
positive attitude toward fruit and vegetable consumption has emerged recently, especially
in advanced countries. In Canada, fruits and vegetables form an important segment of the
food guide. Daily servings of 5 or more comprising a variety of fruits, vegetables, and
their processed products have been recommended both by the US and Canadian federal
agencies. Flowers are also of great importance as food, examples being cauliflower and
broccaoli.

A new food guide was rel eased by United States Department of Agriculture (USDA) in
2005 (USDA, 2005; Center for Nutrition Policy and Promotion) providing clear recommen-
dationsonfruit and vegetableintake. Therecommendationsfor vegetablesincludetheintake
of 2.5 cups equivalent (250 mL per cup) per day or more, comprising dark green vegetables
such as broccoli and spinach; orange vegetables such as carrots and sweet potatoes; and
dry beans and lentils. A recent Canadian publication (www.healthcanada.gc.ca/foodguide,
Health Canada Publication 4651, 2007) shows recommendations ranging from 4 to 6 serv-
ings (a serving is 125 mL or 14 cup) for children, from 7 to 8 servings for teens, and
from 7 to 10 servings for adults. So far as the fruits are concerned, the recommendations
are to eat a minimum of 2 cups equivalent every day comprising a variety of fruits and
processed products, excluding juice. High sugar content in fruit juices may not be suit-
able for many health-compromised individuals. Whole fruit blends without added sugar
may be an option in such cases. Detailed information is also available on the fruit and
vegetable consumption habits of Americans (Lin et al., 2004). In a 2003 estimate (Guthrie
et a., 2005), it was found that typical American diet falls severely short of the daily rec-
ommendations having fruit consumption equivalent to 1.4 servings per day (less than half
of the recommended 4 servings or 2 cups). Vegetable consumption is relatively higher
with 3.7 servings per day (below the recommended 5 servings or 2.5 cups per day).
However, promotions at several levels (media, organizations, schools, fast food chains,
etc.) are resulting in an increased understanding of the importance of fruit and vegetable
consumption.
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Table 1.1 Production of selected fruits (million metric tons) in major geographical areas of the world

North and Central
Commodity Africa  Agia China India Europe America USSR World
Apple 202 3436 2501 147 13.03 515 4.42 63.48
Apricot 0.39 119 <01 <0.1 0.77 <0.1 0.32 2.82
Banana 744  38.86 6.39 16.82 <01 8.95 — 72.46
Blueberry — — — — 0.26 0.20 <0.1 241
Cantaloupes 145 2148 15.14 6.45 3.16 248 <0.1 28.32
and melons

Cherry <0.01 061 <01 <01 0.67 0.26 0.26 1.86
Citrus fruits 1162  37.07 16.02 4.75 10.24 19.55 <0.1 105.4
Dates 2.38 452 — — — — — 6.92
Grapes 373 1566 5.70 1.20 29.43 6.96 2,55 66.53
Mango 271 21.18 3.67 10.80 — 248 — 27.96
Peach 0.77 7.78 6.03 0.15 4.26 1.62 021 15.67
Pear 0.62 13.38 11.62 0.2 333 0.82 0.39 19.51
Plum 2.29 5.46 4.63 <01 2.76 3.76 0.56 9.84
Pineapple 261 8.39 1.46 1.30 — 222 — 15.86
Strawberry — — — — 111 115 0.27 3.52
Tomato 1463 6021 31.64 7.60 19.40 17.25 6.39 124.75
Watermelon 377 8041 6931 0.25 3.09 3.09 3.36 95.29
FAO Statistics (2005).

1.3 Fruit, vegetable, and flower production around the world

Every part of the world produces fruits and vegetables mostly according to the needs of
domestic consumption and export. Table 1.1 summarizes the production statistics of certain
selected fruits. Apples, bananas, citrus fruits, grapes, tomatoes, and watermelons are the
largest fruit commodities produced. Asiaisthe largest producer of fruits, with Chinabeing
the primary producer in the whole world. Although the populations of Chinaand Indiaare
nearly the same, fruit production in India is considerably lower than that in China. This
may be due to the differences in food habits between the two countries, with the Chinese
population consuming a lot more fresh fruits and products. On a per capita basis, Israel
produces more fruits than any other country in the world. Europe and North and Central
Americaare aso the mgjor playersin fruit production. Chileisthe major producer of fruits
in South America. Overall, theworld produces greater than 600 million metric tons of fruits
(FAO Statistics, 2005).

World vegetable productiona sofollowssimilar trendsasinfruits(Table1.2), Asiabeing
thelargest producer of vegetables. Again, Chinaisthe powerhouse of vegetable production,
fresh vegetables being a major component of daily diet. Europe and the Americas also
contribute significantly to vegetable production. Altogether, the world vegetable production
exceeds 650 million metric tons (FAO Statistics, 2005).

In contrast to fruit and vegetable production, the bulk of flower production is concen-
trated in specific regions of the world. The production and marketing of flowers and potted
ornamentals are intricately linked across the world. A floral bouquet purchased in alocal
supermarket may be made with miniature carnations from Israel, chrysanthemums from
Columbia, boxwood from Oregon, and statice from California. Worldwide trade in flori-
culture products was estimated to exceed US$7.9 billion in 2001 and was made up of cut
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Table 1.2 Production of selected vegetables (million metric tons) in major geographical areas of the world

North and Central
Commodity Africa Asia China India Europe America USSR  World
Asparagus — 5.98 5.90 — 0.25 0.17 — 6.65
Avocados 0.38 045 <01 — <0.1 15 — 322
Cabbage 1.77 50.16 34.10 6.00 6.32 2.99 7.59 69.48
Cauliflower 0.30 13.04 7.38 4.80 211 0.64 — 16.36
Carrot 1.13 10.71 8.39 0.35 5.16 2.38 3.19 23.90
Green chillies 2.20 16.31 1253 <01 272 3.05 0.20 24.98
and peppers
Cucumbers 1.05 33.01 26.56 0.12 4.62 211 312 41.74
and gherkins
Eggplant 141 28.22 17.03 82 0.6 0.1 0.1 30.51
Lettuce 0.27 13.21 11.00 0.79 3.15 5.37 — 22.38
Onions (dry) 5.12 35.30 19.04 5.50 557 435 3.56 57.59
Potato 1539 12571 73.77  25.00 65.16 26.53 7372  321.97
Sweet potato 1147 11499 107.67 0.90 — 147 — 129.88
FAO Statistics (2005).

flowers (50%), plants (41%), bulbs (9%), and cut foliage (9%). Over 70% of the production
of floriculture crops is concentrated in seven countries: the Netherlands, Columbia, Italy,
Belgium, Denmark, the United States, and Ecuador. The Netherlandsisthe flower capital of
the world, with over 50% of world trade (2000 estimate, www.agf.gov.bc.ca/lornamentals;
British Columbia, 2003) in floriculture products that include produce grown within the
Netherlands (farm gate value of US$5.4 hillion), as well as floriculture products that are
imported and marketed again to various destinations. Columbia was the second largest ex-
porter with an estimated trade at 7.5%, and the rest of the flower-producing countries having
export components of 2—3% each. The mgjor flower markets (70%) include Germany, the
United States, Britain, France, the Netherlands, and Japan. In the United States and Canada,
the production has shifted from flowers such as carnations, chrysanthemums, and roses to
speciality cut flowerssuch asgerbera, Lizianthus, snapdragons, and Alstroemeria that arerel -
atively moredifficult to grow and transport. Also, the cultivation of potted ornamentalsison
therise. According to USDA (2002) estimates, there were over 8,000 hain floriculture pro-
ductionwith awholesalevalue estimated at US$4.88 billion. A similar estimate by Statistics
Canada (2002) providesavalue of Canadian $1.4 billion for Canadian floriculture products.

Flower production has become an important agricultural segment in some Asiatic coun-
tries. Again, on aper capitabasis, Israel dominates the scene with an estimated 2,750 hain
2005 (S. Meir, personal communication) and an estimated value of US$250 million. China
had nearly 60,000 hain flower and foliage crop production and India had nearly 35,000 ha
according to 1994 estimates, which has expanded recently to include greenhouse production
and marketing to the Middle East. Australia and New Zealand are the principal suppliers
of floriculture products to Pacific Rim countries and Japan.

1.4 Postharvest loss of fruits, vegetables, and flowers

By virtue of their physiological properties, most fruits, vegetables, and flowers are highly
perishable commodities. Postharvest losses can occur at any point in the production and
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marketing chain, and may range anywhere from >10% in advanced countries to >50% in
tropical areas and where storage facilities are limited. China, the largest fruit and vegetable
producing country, experiences postharvest losses in the range of 20-25%. Since a large
proportion of fruits and vegetables produced are immediately consumed, the loss from
long-term storage is considerably reduced. Aswell, processing can al so reduce postharvest
losses. Chinaisthelargest producer of applejuice concentrate, and thisreducesthe necessity
for large storage facilities. Moreover, such facilities are not suitable since the sizes of farms
are rather small. Cold storage facilities may be available for 10-15% of the fruit cropsin
China. Cooling and transportation facilities are also being developed in China. In India,
the problem of storage for pulses is reduced by letting the fresh fruits mature and dry.
Several fruits from the cucumber family are ripened, after which they can be stored for
months without specialized storage facilities. In countries such as India and China where
the weather istropical and subtropical, fruits and vegetables characteristic to these climates
are produced. As well, the production of many of such commodities is seasonal, and this
reduces the necessity of long-term storage. Thus, it iscommon to have peaks of availability
for fruits such as apple, orange, pear, banana, mango, and guava spread throughout the year.
Even then, postharvest |oss of 50% or greater iscommon asthe storage facilities at thelocal
vendors are limited and good quality products are hard to find (e.g., apple).

1.5 Strategies to improve quality

A recent understanding among the growers on the effect of growing conditions on the
quality of produce has brought a welcome change in the attitude toward the goals of pro-
duction. Simply producing a commodity in large amounts need not assure the optimum
postharvest quality of the produce. In general, the quality of a produce cannot be enhanced
through adopting postharvest storage technologies. The quality of a produce is determined
by the growing conditions, nutritional regimes, and the genetic potential of the particular
variety. Thus, increased attention is being given to these attributes. Several novel posthar-
vest technol ogies developed in recent years have the potential to maintain the high quality
of produce during subsequent storage at optimal conditions. These include active modi-
fied atmosphere and dynamic controlled atmosphere. In addition, there is growing con-
cern about food safety, which is also being addressed in the postharvest area. Growersin
Europe and those in other countries who export to Europe are how required to implement
the standards of Good Agricultural Practice. These standards are to ensure the safety and
quality of fresh produce and require accountability and traceability of produce entering the
European market. This means that the farmer must keep a record of the irrigation, fertil-
ization, and pest management treatments that he applies; the packinghouse, exporter, and
the shipper must record the treatments given at the packinghouse and storage conditions
of the produce along the distribution chain. It also requires safety and cleanliness con-
ditions for the workers in the farms and packinghouse. The producer and exporter must
be examined by an external evaluator to ensure that Good Agricultural Practice is being
implemented.

Thenecessity for traceability hasled to the devel opment of barcodesand radiof requency
identification stickers that can trace a commodity from “farm to fork.” Some farms and
packinghouses now have barcodes on each container in the orchard that is read asit enters
the packinghouse and is weighed and checked. Radiofrequency identification systems have
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been givento both orchard pickersand packinghouse workers. Asfruit is packed, the packer
prints alabel that includes a barcode, grower, count, date and time, pack house and variety
details, and packer. This enables fruit to be traced back to the orchard and row from which
it was harvested and to know all the stepsit took along the way to the consumer.

In the area of produce quality, packinghouses have units of quality assessment, where
samples of the produce entering the packinghouse as well as along the packing line are
examined for quality. Recent innovations areinstrumentsthat can determine vari ous aspects
of quality nondestructively. On many packinghouse lines, currently fruit is automatically
graded for color and blemishes by online camerasthat photograph the fruit and send it to the
proper sorting line. Thisis combined with sorting for weight or size by automatic weighing
cups that send different sizes to different lines. Newer technologies include near-infrared
spectrometers that can examine internal quality, particularly soluble solids or sugars, as
well as acoustic instruments that can measure firmness. These are now being supplied in
new packinghouse lines, and in addition, hand-held instruments are in devel opment for use
in orchards to determine picking date.

Biotechnological approaches are also useful for enhancing the shelf life and quality
of fruits, vegetables, and flowers, but the public acceptance of this technology is limited.
Several information sites describing the optimal storage procedures have also increased the
importance and understanding of postharvest storage (e.g., Sydney Postharvest Laboratory,
www.postharvest.com.au/; www.usda.org).

1.6 Future prospects

Demographic and socioeconomic factors are the major influencing trends that affect fruit
and vegetable consumption in the United States (Guthrie et al., 2005). Rising income and
education levels as well as increasing average age of the population may also influence
this trend. In the United States, an increase in Hispanic population is predicted to increase
the consumption of tomato and its products. By the year 2020, per capita intake of pota-
toes and french fries is expected to drop by 8-9%. The consumption of lettuce (+5.1%),
tomatoes (+1.3%), and other vegetables (+3.6%) is expected to increase during the same
period. Among fruits, the consumption of grapes (+5.1%), apples (+7.8%), citrus fruits
(4+7.4%), and other fruits (+7%) is anticipated to increase by the year 2020. However, an
increased tendency to eat outside the home may tend to reduce the fruit intake marginally,
as such a habit tends to promote the intake of lettuce and potato products marginally. In
Canada, the United States, and Europe, alarge increase in Asian population is anticipated
to increase the consumption of fruits and vegetables native to Asia. Another important
trend in fruit and vegetable production is organic farming. It is generally believed that
fruits and vegetables grown organically are more nutritious and the production of organic
fruits and vegetablesisincreasing yearly. Farmers markets and pick-your-own operations
have increased the diversity of fruit and vegetable production and marketing. Sustainable
and environment-friendly production methods areincreasingly being applied in most coun-
tries. Addition of fruit components to processed food (cereals, yogurt, etc.) has become
a common trend in the processing industry. Thus, several socioeconomic factors are driv-
ing the importance of fruit and vegetable consumption in a positive direction, and this
in turn will influence the patterns of production, storage, and distribution of fruits and
vegetables.
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Chapter 2

Common Fruits, Vegetables, Flowers,
and Their Quality Characteristics

Gopinadhan Paliyath and Dennis P. Murr

2.1 Introduction

Fruits and vegetables as well as their processed products have become mainstream human
dietary choicesin recent days, primarily because of several epidemiological studies show-
ing various health benefits associated with the consumption of fruits, vegetables, and their
processed products. Fruits and vegetables share several common structural and nutritional
properties and also characteristic differences due to differences in their biochemical com-
position. Fruits, in general, are attractive organs for vectors involved in seed dispersal, and
thus have evolved features such as enhanced col or, attractive flavor, and taste. Consequently,
the devel opmental and biochemical processeswithin afruit are programmed to achievethis
goa. The term vegetables is more or less arbitrary, comprising products such as leaves,
petioles, stems, roots, tubers, and fruits of cucurbits (e.g., gourds, melons, squash, and
pumpkin) and Solanaceae members (e.g., tomato and eggplant). Morphologicaly, fruits
develop from the ovary, the seed-bearing structure in plants. The developmenta processes
infruitsareinfluenced by fertilization, and the hormonal changesinduced inthe ovary leads
to gene expression and biochemical changes resulting in the characteristic fruit that may
vary in ontogeny, form, structure, and quality. Fruits originate from different parts of the
ovary. Pomefruits such as apple and pear devel op from the thalamus of the flower. In drupe
fruits such as cherries, peaches, plums, and apricots, the ovary wall (mesocarp) develops
into the fruit enclosing a single seed. Berry fruits, such as tomato and grape, possess the
seeds embedded in a jellylike pectinaceous matrix, with the ovary wall developing into
the flesh of the fruit. Citrus fruits belong to the class known as hesperidium, where the
ovary wall develops as a protective structure surrounding the juice-filled locules that are
the edible part of the fruit. In strawberry, the seeds are located outside the fruit, and it isthe
receptacle of the ovary (central portion) that devel ops into the edible part. Most vegetables
areleaves, petioles, or stems containing chlorophyll, or roots, tubers, or fruitsthat predom-
inantly contain storage components such as starch. Examples include potato and eggplant
(Solanaceae), gourds (Cucurbitaceae), several types of yams (Dioscoreaceae and Araceae),
vegetables of leaf and flower origin (cabbage, broccoli, cauliflower—Cruciferae), and un-
ripe fruits of leguminous plants such as peas and beans (Leguminosae). The nutritional and
food qualities of fruits and vegetables arise as aresult of the accumulation of components
derived from the intricate biochemical pathways (Kays, 1997).

8
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2.2 Developmental characteristics of fruits and vegetables

Fruit ripening is characterized by several marked physiological and biochemical changes
resulting in the coordinated devel opment of complex characteristics. Following pollination
and fertilization, the fruit develops in size leading to the ripening process, which resultsin
the development of ideal organoleptic characters such as taste, color, and aroma that are
important quality-determining features. Fruitsthat are used asvegetablesare harvested early
prior to their ripening. The physiological process of ripening occurs rapidly when the fruit
ismature, and beyond acertain stage, harvested fruitsundergo rapid deterioration in quality.
Ideally, fruits are harvested at an optimal physiological stage or maturity characteristic to
the type of fruit, after which appropriate storage procedures can be adopted for preserving
the shelf life and quality of the fruits. Fruits do not ripen fully showing the appropriate
quality characteristics if picked at a young stage before the attainment of physiological
maturity. Citrus fruits are allowed to fully ripen before they are harvested. Avocado fruits
do not ripen if left on the tree and start ripening only after harvest. Irrespective of the
nature of the produce whether it is fruits, vegetables, or flowers, various technologies such
as cold storage, controlled atmosphere storage, and inhibition of hormone and enzyme
action are adopted to slow down the metabolic processes to provide an optimal quality
produce for marketing and consumption. Advances in the biochemistry and molecular
biology of the fruit ripening process have enabled the development of biotechnological
strategies for the preservation of postharvest shelf life and quality of fruits, vegetables, and
flowers.

Several metabolic changes are initiated after the harvest of fruits and vegetables. In
the case of vegetables, harvesting induces stress responses through reduced availability of
water and nutrients, wounding, and exposure to shelf life enhancing storage methods such
as cooling. In most cases, these changes help the produce to enhance the shelf life. In the
case of fruits, an increase in the biosynthesis of the gaseous hormone ethylene serves asthe
physiological signal for the initiation of the ripening process. In general, all plant tissues
produce a low, basal, level of ethylene. During the ripening process, some fruits evolve
large amounts of ethylene, sometimes referred to as an autocatalytic increase in ethylene
production, which occurs in conjunction with an increase in respiration referred to as the
respiratory climacteric. Fruits are generally classified into climacteric or nonclimacteric
types on the basis of the pattern of ethylene production and responsiveness to externally
added ethylene. The climacteric fruits characteristically show a marked enhancement in
ethylene production and respiration, as noticeable by the evolution of carbon dioxide. By
contrast, the nonclimacteric fruits emit a considerably reduced level of ethylene. (For alist
of fruits showing climacteric or nonclimacteric pattern of ripening, see Kays, 1997, General
Reading.) In climacteric fruits such as apple, pear, banana, tomato, and avocado, ethylene
evolution can reach 30-500 ppm/(kgh) (parts per million, microliter per liter), whereas
in nonclimacteric fruits such as orange, lemon, strawberry, and pineapple, ethylene levels
usualy range from 0.1 to 0.5 ppm/(kgh) during ripening. Climacteric fruits respond to
external ethylene treatment by an early induction of the respiratory climacteric and accel-
erated ripening in a concentration-dependent manner. Nonclimacteric fruits, on the other
hand, show increased respiration in response to increased levels of ethylene concentration
without showing acceleration in thetimerequired for ripening. Vegetables produce very low
amounts of ethylene most of themwithlessthan 0.1 L /(kgh), with lightly higher levelsas
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in cassava (1.7 uL/(kgh)), breadfruit (1.2 nL/(kgh)), and cucumber (0.6 nL/(kgh)) when
measured at 20-25°C.

After the initiation of ripening or harvest, severa biochemical changes occur in fruits
and vegetables. Assome of these changes such asthe devel opment of col or, flavor, and sweet
tasteare desirablefor fruits, any sort of quality changesareideally not desired in vegetables.
Thus, strategies for the preservation of shelf life and quality in fruits and vegetables could
be entirely different. It isimportant to know the biochemical differences between fruitsand
vegetables and several biochemical pathways that operate in these tissues to develop ideal
conditions of storage for the preservation of shelf life and quality.

2.3 Biochemical parameters of quality

There are two major aspectsthat define the quality of aproduce: thefirst being the inherent
biochemical characteristics that provide the color, flavor, texture, and taste to the produce
and the second being the consumer perception. The application of postharvest technologies
tends to maximize these quality characteristics, though application of some technologies
may not provide the optimal quality produce for the consumer. During ripening, activation
of several metabolic pathways occurs, often leading to ideal changes in the biochemi-
cal composition of fruits. The stage of development in a fruit determines its biochemical
composition and the quality-defining parameters. Color is perhaps the first parameter that
attracts a consumer to a produce. Hence, fruits that show enhanced yellow-orange-red hue
are preferred by the consumer. The composition of anthocyanins and carotenoids in afruit
will determineits color quality characteristics. Consumers al so associate the depth of color
with the taste, though thisisinfluenced by practical experiences. In general, fruits that are
bright red are also sweet. Some of the exceptions include sour cherries and red currants.
Brightly colored fruits also tend to possess the ideal texture. Flavor is also an important
component to the quality perception, and the degree of ripeness determines the level and
types of flavor components such as esters and terpenoids emitted from the fruit. Aromais
derived from several types of compounds that include monoterpenes (asin lime, orange),
ester volatiles (ethyl, methyl butyrate in apple, isoamy!| acetate in banana), simple organic
acids such as citric and malic acids (citrusfruits, apple), and small-chain aldehydes such as
hexenal and hexanal (cucumber). In fruits such as mango, pineapple, strawberry, and grape,
theripening processis associated with the conversion of stored organic acidsand starch into
sugars, and enhanced evolution of flavor components. The presence of off-flavors resulting
from the presence of certain aldehydes (e.g., acetaldehyde) may negatively impact quality
perception, whereas other aldehydes such as hexanal tend to enhance the green flavor and
consumer preference of vegetables. The evolution of sulfur volatiles in crucifer vegeta-
bles (e.g., broccoli and cabbage) and Allium vegetables (onion, garlic) is characteristic to
their quality. In asimilar way, the evolution of essential oilsin Lamiaceae members (mint,
oregano, rosemary, etc.) also attracts consumers. Fruits and vegetables contain alarge per-
centage of water, which can often exceed 95% by fresh weight. Texture and the degree of
softness are determined by the amount of water contained in the produce and the ahility to
retain that water during postharvest storage. The degradation of cell wall components and
the cell membrane negatively affectstherigidity of thetissuein fruits providing the softness
that consumers prefer (degradation of stored starch in banana), though excessive degrada-
tion of these components reduces the shelf life of the fruits drastically. Most vegetables
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are preserved to maximize the high textural integrity, and loss of water from vegetables
negatively affects their quality. The consumers are increasingly becoming aware of the
disease-preventive and health-restoring roles of fruitsand vegetabl es, because of which they
are classified as functional foods. Many quality-determining components are al so regarded
as important functional food ingredients (nutraceuticals) that include soluble and insolu-
ble fibers, color components such as anthocyanins and carotenoids, several polyphenolic
components, and sulfur-containing componentsin crucifer and 4/lium vegetables. Fruitsin
genera contain large amounts of fibrous materials such as cellulose and pectin. The break-
down of these large polymersinto smaller water-soluble components during ripening leads
to fruit softening as observed during the breakdown of pectin in tomato and cellulose in
avocado. Secondary plant metabolites are magjor ingredients of fruits. Anthocyanins are the
major color componentsin grapes, blueberries, apples, and plums; carotenoids, specifically
lycopene and carotene, are the major color componentsin tomatoes, and these components
provide the health benefits to consumers through their antioxidant property and ability to
influence metabolic processes within the human body. Fruits are aso rich in vitamin C,
which is a strong antioxidant. Vegetables such as asparagus are rich in glutathione, another
component in the antioxidant defense system. Lipid content is quite low in fruits; however,
fruits such asavocado and olives storelarge amounts of triacylglycerols (oils). The amounts
of proteins are usually low in most fruits. Several aspects that influence fruit and vegetable
quality are discussed by Shewfelt and Bruckner (2000).

It is interesting to note that a majority of edible fruits and vegetables tend to group
in certain families. For instance, some of the edible fruit-dominated families include An-
nonaceae, Rosaceace, Myrtaceae, Rutaceae, Oxalidaceae, and Anacardiaceae among the
dicots. Bananas and plantains are the major monocot fruits (Musaceae). The major dicot
vegetable families include Fabaceae, Solanaceae, Cruciferae, Cucurbitaceae, Compositae,
Umbelliferae, Lamiaceae, and Dioscoreaceae. Monocot families such as the Liliaceae and
Araceae arerich in vegetables. The following are some specific characteristics of fruitsand
vegetables.

2.4 Fruits

2.4.1 Rosaceae

The family Rosaceae dominates the scene with a variety of fruits having distinct physio-
logical and nutritional characteristics. Rosaceous members are cultivated primarily in the
subtropic and temperateregions. Unripenedfruitsaretart and theripenedfruitsarein general
sweet with varying degrees of acid content, which imparts the sour sweet taste to the fruits.
The fruits are aso rich in polyphenolic components such as anthocyanins, vitamin C, and
soluble as well as insoluble fiber, which make them extremely important for consumption.
The fruits of the Rosaceae include blackberry, raspberry (Rubus sp.), strawberry (Fragaria
ananassa), plum (Prunus sp.; European plum—~Prunus domestica; Japanese plum—~Prunus
salicina; American plum—~Prunus Americana, €tC.), prune (P. domestica), nectarine and
peach (Prunus persica), cherry (sweet cherry—Prunus avium; sour cherry—Prunus cera-
sus), apple (Malus domestica), pear (Pyrus communis), quince (Cydonia oblonga), loquat
(Eriobotrya japonica), etc. Apples have avery long shelf life when stored under appropri-
ate controlled atmosphere conditions. Pears are usually stored below 0°C for atime period
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without controlled atmosphere, after which they can be brought to room temperature (RT)
for ripening. Most of the soft rosaceous fruits such as the berries, cherries, plums, prunes,
and peaches have a short storage life and are highly perishable.

2.4.2 Rutaceae

Rutaceae is another family with several members that provide edible fruits. Some of these
include pomelo (Citrus maxima), grapefruit (Citrus paradisi), orange (bitter orange—Citrus
aurantium; Sweet orange including Valencia orange and navel orange—Citrus sinensis),
mandarin (Citrus reticulata or Citrus nobilis) including the tangerine, clementine, Satsuma
mandarin, tangor, tangel o and theugli fruit, lemon (Citrus limon), lime (Citrus aurantifolia),
and citron (Citrus medica). Pomelo and citron are very large weighing over 10 1b. Thecitrus
fruits can be stored in a cool dry place. For longer shelf life, they can be stored between 35
and 50°F (between 45 and 50°F for grapefruit) in well-ventilated bags.

2.4.3 Ericaceae

Blueberry (Ilowbush blueberry—Vaccinium angustifolium; highbush blueberry—Vaccinium
corymbosum) and bilberry (Vaccinium myrtillus) are important members. These berries are
rich in anthocyanins, have strong antioxidant property, and are considered as functional
foods. Theberriesarea so moderately acidic and not very sweet, and henceideal for diabetic
population. The berriesare very fragile and do not store very well for long periods. Theripe
berries are harvested, and ideally, they can be frozen to preserve the nutrients as soon as
they are picked. Cranberry fruits (Vaccinium macrocarpon and Vaccinium oxycoccos), on
the other hand, can be stored in perforated plastic bags for aconsiderable period in the cold
or stored frozen. The fruits are processed into juice, sauce, fruit flavored pieces, etc. Just
as blueberry and bilberry, cranberries are very rich in anthocyanins and proanthocyanidins.
They are strong antioxidants as well as help prevent urinary tract infections.

2.4.4 Vitaceae

Grapesare one of the major fruits consumed fresh and processed into wine, jamsand jellies,
powder, raisins, etc. Grapesare one of theoldest cultivated plantsknown, dating back to over
7,000 years. Therearethree major speci es: the European grapes (Vitis vinifera) or their grafts
that are cultivated around the world for producing wine grapes, the North American grapes
(Vitis labrusca and Vitis rotundifolia), and the hybrid grapes. Grapes are primarily used
for winemaking, fresh consumption, or producing raisins apart from other processing uses
such asjuice and jam production. Varieties such as the Concord (purple black), the Niagara
(green), andthe Catawba(red) arelabrusca varieties. Several locally produced varietiesexist
in different parts of the world. Some of the European varieties include the Cardinal, the
Muscat, and the Lival, which are blue or black grapes. Common North American varieties
include the Concord, the Flame, the Ruby (red seedless), and Thompson (green seedless).
The skin becomes easily separated from the pulp in the North American grapes. The grapes
do not store very well and may undergo anaerobic fermentation if stored too long. They are
processed immediately. Table grapes can be stored in the cold in perforated plastic bagsfor
1-2 months.
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2.4.5 Other fruit families

Some of the other common dicot fruits include cherimoya (4dnnona cherimola, Annona
squamosa, Annonaceae), durian (Durio zibethinus, Bombaceae), jackfruit (Artocarpus het-
erophyllus, Moraceag), rambutan (Nephelium lappaceum, Sapindaceag), litchi (Litchi chi-
nensis, Sapindaceae), longan (Dimocarpus longan, Sapindaceae), persimmon (Diospyros
virginiana, D. kaki, Ebenaceag), papaya (Carica papaya, Caricaceae), kiwi fruit (Actinidia
chinensis, Actinidiaceae), pomegranate (Punica granatum, Punicaceae), guava (Psidium
guayava, Myrtaceae), mangosteen (Garcinia mangostana, Guttiferag), mango (Mangifera
indica, Anacardiaceae), sapodilla (sapota) (Manilkara sapota, Sapotaceae), and currants
(Ribes rubrum, Ribes sativum, Ribes vulgare, €tc.; red currant; Ribes nigrum—ablack cur-
rant; Saxifragaceae). These fruits have characteristic qualities.

Annonafruitsarehighly flavorful and arehighly perishable. Ripefruitsbecomedamaged
within days and produce off-flavors. The fruits are sometimes picked before ripening for
transportation. Durian fruits are large (~10-15 Ib), thorny, resembling jackfruits and are
cultivated primarily in Southeast Asia and are well known for the foul smell of the fruits,
composed by a variety of compounds including organosulfur compounds. Jackfruits are
popular in South India and Sri Lanka. They are thorny on the outside and when ripened
are highly flavorful. The fruits on some trees can weigh over 100 Ib. The fruits contain
latex, which can be removed by edible oils such as coconut oil. The fruit is an aggregate
fruit with several fruitlets containing seeds that are rich in protein and can be consumed
after cooking. Ripe fruits do not store well for more than 34 days uncut. Rambutan,
again from Southeast Asia, is a 2-3 inches long hairy fruit and is highly perishable. The
pulpy interior is edible. Litchi, originally cultivated in southern China, is a popular fruit.
Removing the leathery skin in ripe fruits exposes a fleshy interior that is edible. Litchis
have a reasonably long shelf life, but are best when consumed fresh. Papaya, originally
native to South America, is cultivated worldwide. The flesh of ripe fruitsis initially hard,
but becomes soft as ripening progresses. The skin and flesh contain a latex that contains
proteases, and young fruits are sometimes used as meat tenderizers. Flesh from maturefruits
can also be cooked and consumed. Papayas also contain heterocyclic compounds similar
to piperazine and are sometimes consumed to protect from intestinal worms. Ripe fruits
of papaya have a very short shelf life. At present, kiwi fruit is widely cultivated around
the world. The fruit is a berry, 3—4 inches long, and is covered by a brownish skin. The
green flesh along with the seeds in ripened fruits can be eaten and tastes dightly acidic
and tart. Unripe fruits can be stored for 2—3 weeks. The kiwi fruits also contain proteases
and can be used as a meat tenderizer. Pomegranate, with a history of over 4,000 years, is
cultivated widely and is well known for its medicinal properties. The fruits are covered
with a leathery skin containing multiple chambers filled with juicy pulpy red crimson—
colored seedsthat are sweet with slight sour tart taste. The skin contains proanthocyanidins
and polyphenols having very strong antioxidant activity. Alhough not consumed, the skin
is commonly used in traditional medicine in India. Pomegranates have good postharvest
shelf life (2-3 weeks at RT) and are easy to handle. Guava is becoming more popular with
several new varieties. The ripe fruits have a pleasant flavor and sweet taste. The seeds are
hard, and new seedless varieties are being cultivated. The ripe fruits have a very short shelf
life. Some varieties have a red-colored interior like a melon and are rich in carotenoids.
Mango has become an increasingly accepted fruit in the Western world. Severa varieties
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with excellent quality characteristics are available. Mango fruits have an extremely pleasant
flavor and ripe fruits are very sweet. The shelf life of ripe fruits at RT may not exceed a
week. The fruits of sapota are similar to kiwi fruits in appearance, with a leathery brown
skin. When ripened, the fruits have a pleasant flavor and are extremely sweet. The fruits
have a1-2 weeks shelf lifeat RT. The currants are nutritionally rich (vitamin C, minerals,
anthocyanins) fruits gaining in popularity. The fruits are sour and are processed for juice
or jams. The ripe fruits will stay on the plant for 2-3 weeks. Once harvested, they decay
very fast.

Some of the other major fruit crops include plantains (Musa paradisiaca, Musaceag),
pineapple (Ananas comosus, Bromeliaceae), and dates (Phoenix dactylifera, Pdmaceae).
The starchy interior of plantainsis consumed in several African countries as a staple food.
The mature fruit ripens after harvest or on the plant and does not store well. The fruit
overripens and decays within a week. The ripe fruit is soft and rich in sugar and pectin.
Pineapples have become very popular as an edible fruit, and a large amount of harvested
fruits are processed. The fruits are harvested when mature, and during ripening, the stored
organic acids are converted to sugars. Again, pineapple may store for 2—3 weeks when kept
in a cool room. Date fruits, on the other hand, can be stored for a considerable length of
time and are traditionally transported to several countries from the Middle East.

2.5 Vegetables

2.5.1 Allium vegetables

Allium vegetables belong to the family Liliaceae. These include chive (Allium schoenopra-
sum and Allium tuberosum), |€eks (4. porum), garlic (Allium sativum), onion (Allium cepa),
and shallot (Allium ascalonicum). Native to Central Asia, onions are perhaps the largest
consumed of these vegetables and have been in cultivation for over 5,000 years. Onions are
biennials, cultivated as annual's, and harvested at various stages of maturity to providegreen
leafy vegetables or when matured to provide the bulbs. During growth and maturation, food
is stored in the leaf to form the fleshy, juicy edible bulb. The pigmentation in the skin in
dry onion bulbs characterizestheminto red, purple, yellow, brown, and white varieties with
differing pungency, taste, and flavor. White and red onions are mild and sweet. Onions are
harvested when the leaves wilt and outer |eaf layers of the bulb become dry.

After harvest, the dry onions are dormant for a period, and depending on the storage
period required, onions may be irradiated to prevent sprouting. The shelf life is longer in
pungent varieties as the sulfur components may help deter the attack by pathogens. The
yellow onions have a shelf life of 2-3 monthsin a cool dry place, whereas the red onions
haveashelf life of only 2—4 weeks. Onionsare not refrigerated or stored al ong with potatoes.

Garlic is another member of the A/lium family with well-denoted properties of taste,
flavor, and pungency. It iswidely used for its medicinal properties. The bulb isa cluster of
“cloves’ that may vary in number. Although white garliciscommon, there are varietieswith
pink and purple color on the skin. Garlic is best stored around 0°C at a relative humidity
not greater than 60%, and can give a shelf life of 6 months or more. Chives and leeks can
be stored for 2 weeks in the refrigerator.

A characteristic feature of the A//ium family is its pungency. This property originates
from the presence of sulfur-containing compounds. These precursor components such as
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S-alk(en)yl cysteine sulfoxide and sulfonic acid are stored in a compartmentalized form
stored in the vacuole. When the cells are ruptured, the precursor molecules react with a
cytosolic enzyme allinase, releasing a number of volatile components that include thio-
sulfinates, thiosulfonates, disulfides, and sulfonic acids. Allicin, aliin, diallylsulfide, and
gjoene are volatile components present in onion and garlic products. Lachrymatory factors
(thiopropanal S-oxide, C,Hs—CH=SO0) are generated by the action of allinase on the pre-
cursor moleculessuch asallicinand aliin (Block et al., 1992). Despitetheir pungent nature,
Allium vegetables contain several nutraceuticals, and consumption of these vegetables, in
genera, isregarded as a healthy choice.

2.5.2 Crucifer vegetables

Just asthe Allium family, Cruciferae isrich in vegetables with several nutraceuticals show-
ing wide-ranging health benefits. Some of the commonly used crucifer vegetables include
turnip (Brassica rapa), radish (Raphanus sativus), rutabaga (Brassica napus var. napo-
brassica), cabbage (Brassica oleracea), kohlrabi (B. oleracea), cauliflower (B. oleracea
var. botrytis), and broccoli (B. oleracea var. italica). Most of the crucifer vegetables ap-
pear to have originated in the Mediterranean and was consumed over 4,000 years ago
by the Egyptians and Babylonians. There are several types of radishes that include the
red, black, and white radish. The radish stores the essential cil in the surface cell layers
of the tuber, which provides the pungency to the vegetable. The radishes are best stored
unwashed in perforated plastic bags around 4°C after removal of the leaves and usually
stores for a week to 10 days. Turnips have a better storage life. Rutabaga (rotabaggar in
Swedish) originated as a cross between savoy cabbage and turnip in Scandinavia and was
used as a staple food source during food scarcity. It is more pungent than turnip, and can
be stored in a perforated plastic bag at 4°C or for monthsif waxed. Cabbages, cauliflower,
and broccoli are potentially the most widely used crucifer vegetables today, leaves being
the nutritional source in cabbage and florets being the nutritional source in cauliflower and
broccoli. Cauliflower can be stored unwashed in aperforated plastic bag at 4°C for aweek to
10 days. Broccoli is highly perishable, and the quality deteriorates rapidly even at low tem-
peratures within days. Controlled atmosphere storage can extend the shelf life of broccoali
over 2 months.

2.5.3 Umbelliferae vegetables

Umbelliferae (Umbellaceae) is another vegetable-rich family. In addition to the tuberous
vegetables, the seeds from the plants are valuable food sources with health regulatory
properties. The major vegetables of this family include parsnip (Pastinaca sativa), carrot
(Daucus carota var. sativa), celeriac (Apium graveolens var. rapaceum), celery (Apium
graveolens var. dulce), and fennel (Foeniculum vulgare). Carrot and parsnip roots can be
stored for a considerably long period in cold. Carrots can be stored for over 6 months at
near-zero temperatures. Storing along with fruits and vegetables that evolve ethylene gas
causes the development of bitter taste in carrots. The leaf bases of celery and fennel are
used as vegetables and have a shelf life of 1-2 weeks in the refrigerator. Celeriac, often
called celery roots, can be stored refrigerated for several weeks.
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2.5.4 Cucurbits

Cucurbits are another major group of vegetables bel onging to Cucurbitaceae that are culti-
vated widely in the tropics and subtropics. The fruits are varied in nature, but al originate
from an inferior ovary. Some cucurbits such asthe cucumber (Cucumis sativus) and melons
(Cucumis melo) are consumed raw. The melons are fruits rather than vegetables. There
are several varieties of gourds and sguashes. Some of these include wax gourd (Benincasa
hispida), bitter gourd (melon) (Momordica charantia), squash (zucchini—Cucumis pepo),
winter squash (butternut squash—Cucumis moschata; turban squash and buttercup squash—
C. maxima var. turbaniformis; banana squash—C. maxima), pumpkin (C. pepo), and
sphaghetti squash (C. pepo). Chayote (Sechium edule) is common in Mexico and Cen-
tral America. The ripened pumpkins, squashes, and some cucumbers can be stored for
monthsin acool dry place. The cucurbitsare chilling sensitive and low-temperature storage
isnot required. The bitter gourd, asthe name suggests, isvery bitter and does not store well.
Water loss is a problem even at low temperature, and the vegetable is best used within a
week of harvest. In general, young immature fruits are harvested for consumption. Several
cucurbits are considered to have medicinal properties such asthe bitter gourd (against type
2 diabetes).

2.5.5 Solanaceous vegetables

Several members of Solanaceae are important vegetables, though the family is associated
with poisonous akal oids. The major solanaceous vegetable cropsinclude tomato (Solanum
lycopersicum, formerly Lycopersicon esculentum), potato (Solanum tuberosum), eggplant
(Solanum melongena), and sweet and hot peppers (Capsicum annuum). The eggplants are
consumed when young and never used after ripening, whereas tomatoes are used after
ripening. The peppers can be used before or after ripening depending on the type. Potato
is the exception in this family, and the edible part is the stem tuber. Solanaceous fruits do
not store very well. In general, a postharvest life of 7-10 days can be anticipated during
refrigerated storage. Potatoes, on the other hand, can be stored for months covered with dry
soil in acool place or under a controlled atmosphere at alow temperature.

2.5.6 Compositae vegetables

The family of Compositae (Asteraceae) includes several leafy vegetables. Some of these
includewild chicory or endive (Cichorium intybus), curly chicory (Cichorium endivia), | et-
tuce (Lactuca sativa), and artichoke (Cyanara scolymus). Jerusalem artichoke (Helianthus
tuberosus) is an exception and produces an edible tuber, though not widely used at present.
L ettuceisoneof themost popular vegetables. Thereare severa varietiesof | ettuceincluding
the head lettuce, butterhead lettuce, leaf |ettuce, and romaine | ettuce. The shelf life of leafy
vegetables is low. These can best be stored in perforated plastic bags in the refrigerator
for a week. Leaf and romaine lettuce should be washed to get rid of the soil and excess
moi sture removed before storing. Some varieties such as Boston lettuce and iceberg | ettuce
are very fragile and are washed just before consumption. They can be stored in an airtight
compartment in the refrigerator and should not be kept together with ethylene-producing
fruits since the ethylene tends to promote browning in lettuce.
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2.5.7 Legume vegetables

L eguminosae (Fabaceae) is an important family having a number of vegetables. The seed-
bearing pods of most leguminousvegetablesare edible asfresh commodities, but can also be
allowed to mature when these can be dried to provide avariety of pulsesthat are anintegral
part of the diet in many continents. The leguminous vegetables and pulses are excellent
sources of carbohydrates and protein. Some of the fresh edible legume vegetables include
beans (Phaseolus $p., Dolichos lablab, Vigna $p.), broad bean (Vicia faba), and peas (Pisum
sativum). Dried seeds from these vegetables are also used. The pods of other leguminous
members such as mung bean (Phaseolus aureus or Vigna radiata), black gram (Phaseolus
mungo O Vigna mungo), runner beans (Phaseolus coccineus), lentils (Lens culinaris or
Lens esculenta), chickpea (Cicer arietinum), and soybean (Glycine max) are not consumed
fresh, but the seeds are allowed to mature and dry before harvesting. Immature pods of
peanuts (4Arachis hypogea) are sometimes steamed and the seeds consumed before they
are matured, though the matured seeds are the major products. The fresh seedpods do not
store well and they become dehydrated very fast. The fresh pods have better quality when
consumed within 2—3 days of harvest. Some varieties can be stored in arefrigerator for a
week if they do not devel op chilling-injury symptoms.

2.5.8 Tuber vegetables

Tuber vegetabl esstore starch and are staplefoodsin many partsof theworld. Thesebelongto
several different families. Some of these vegetabl esinclude beet (Beta vuigaris, Chenopodi-
aceae), malanga (Xanthosoma sagittifolium, Araceae), taro (Colocasia esculenta, Araceae),
cassava or tapioca (Manihot esculenta, Manihot dulcis, Euphorbiaceag), yam (Dioscorea
sp.), and sweet potato (Ipomea batatas, Convolvulaceae). Most of these tubers can be stored
inacool dry placefor monthswithout special treatments. Cassavaroots are waxed to extend
the shelf life for over amonth.

2.6 Flowers

In contrast to fruits and vegetables, the number of cultivated flowers is very small. The
major flower cropsinclude roses (Rosa sp., Rosaceae), carnations (Dianthus caryophyllus,
Caryophyllaceae), aster, daisies and Chrysanthemum (Asteraceae), snapdragons (L egumi-
nosae), Gladiolus, tulips, lilies, and Alstroemeria (Liliaceag). In recent years, the cultiva
tion of potted ornamentals has gained importance. Some of the potted ornamentals include
miniroses, Gerbera, kalanchoe, various orchids, Chrysanthemums, African violets, cycla-
mens, Hydrangea, Poinsettia, and various cacti. The potted ornamentals retain the quality
much better than cut flowers and withstand the rigors of transportation better.
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Chapter 3

Biochemistry of Fruits

Gopinadhan Paliyath and Dennis P. Murr

3.1 Introduction

Several metabolic changes are initiated after the harvest of fruits and vegetables. In the
case of vegetables, harvesting induces stress responses through reduced availability of
water and nutrients, wounding and exposure to shelf life, enhancing storage methods such
as cooling. In most cases, these changes help the produce to enhance the shelf life. In the
case of fruits, an increase in the biosynthesis of the gaseous hormone ethylene serves asthe
physiological signal for the initiation of the ripening process. In general, all plant tissues
produce a low, basal, level of ethylene. During the ripening process, some fruits evolve
large amounts of ethylene, sometimes referred to as an autocatalytic increase in ethylene
production, which occurs in conjunction with an increase in respiration referred to as the
respiratory climacteric. Fruits are generally classified into climacteric or nonclimacteric
types on the basis of the pattern of ethylene production and responsiveness to externally
added ethylene. The climacteric fruits characteristically show a marked enhancement in
ethylene production and respiration, as noticeable by the evolution of carbon dioxide. By
contrast, the nonclimacteric fruits emit a considerably reduced level of ethylene. (For a
list of fruits showing climacteric or nonclimacteric pattern of ripening, see Kays (1997),
General Reading.) In climacteric fruits such as apple, pear, banana, tomato, and avocado,
ethylene evolution can reach 30-500 ppm/(kg h) (parts per million, microliter/L), whereas
in nonclimacteric fruits such as orange, lemon, strawberry, and pineapple, ethylene levels
usualy range from 0.1 to 0.5 ppm/(kgh) during ripening. Climacteric fruits respond to
external ethylene treatment by an early induction of the respiratory climacteric and accel-
erated ripening in a concentration-dependent manner. Nonclimacteric fruits, on the other
hand, show increased respiration in response to increased levels of ethylene concentration
without showing acceleration in the time required for ripening. Vegetables produce very
low amounts of ethylene most of them with less than 0.1 nL/(kgh), with dlightly higher
levels asin cassava (1.7 uL/kgh), breadfruit (1.2 uL/kgh), and cucumber (0.6 wL/kgh)
when measured at 20-25°C.

In al plants, ethylene biosynthesis occurs through a common pathway that uses the
sulfur amino acid methionine as the precursor (Yang, 1981; Fluhr and Mattoo, 1996)
(Fig. 3.1). The first reaction of the pathway involves the conversion of methionine to S-
adenosyl methionine (SAM) mediated by the enzyme methionine adenosy! transferase.
SAM isin turn converted into 1-aminocyclopropane-1-carboxylic acid (ACC) by the en-
zyme ACC synthase. The sulfur moiety of methylthioribose generated during this reaction
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Fig. 3.1 Ethylene biosynthetic pathway in plants. ACC synthase, aminocyclopropane carboxylic acid synthase;
ACC oxidase, aminocyclopropane carboxylic acid oxidase.

is reused during the biosynthesis of methionine. The immediate precursor of ethylene is
ACC, which undergoes oxidation by ACC oxidase to generate ethylene. Biochemical steps
involving ACC synthase and ACC oxidase are the key regulatory points in the biosyn-
thesis of ethylene. ACC synthase that is localized in the cytoplasm is a soluble enzyme
with arelative molecular mass of 50 kDa (kilodalton). ACC synthase has several isoforms
that are differentially expressed in response to wounding, other stress factors, and at the
initiation of ripening. In apple fruits, ACC oxidase was localized in the cytosol using im-
munoelectron microscopy (Chung et al., 2002). Using molecular biology tools, a cDNA
(complementary DNA representing the coding sequences of a gene) for ACC oxidase was
isolated from tomato, which encodes a protein with a relative molecular mass of 35 kDa
(Hamiltonet al., 1991). ACC-oxidase reaction occursin the presence of Fe?+, ascorbate, and
oxygen.

Regulation of ethylene biosynthesisis a critical factor in the preservation of shelf life
and quality in fruits. Controlled atmosphere storage under low oxygen reduces ethylene
production. Ethylene scrubbing is also a common practice in storage facilities. Biotechno-
logical approaches to reduce ethylene production by tissue through the regulation of the
activities of ACC synthase and ACC oxidase have provided additional methods for the
preservation of shelf life and quality in fruits. Some examples include the inhibition of
ACC-synthase and ACC-oxidase gene expression through the introduction of their respec-
tive antisense cDNAS, which caused delayed ripening and resulted in better preservation
of the quality of tomato (Hamilton et al., 1990; Oeller et a., 1991) and apple (Hrazdina
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et a., 2000) fruits. ACC synthase is the rate-limiting enzyme of the ethylene biosynthetic
pathway and requires pyridoxal-5-phosphate as a cofactor. ACC synthase is inhibited by
pyridoxal phosphate inhibitors such as aminoethoxyvinylglycine and aminooxyacetic acid.
Field application of aminoethoxyvinylglycine as a growth regulator (retain, valent chemi-
cals) is apractical method of delaying the ripening in fruits such as apples, peaches, and
pears. Aswell, controlled atmosphere storage at very low oxygen levels (1-3%) is a com-
mon practice in commercial operations for long-term storage of fruits such as apples to
reduce the production of ethylene, since oxygen is required for the conversion of ACC to
ethylene.

After the initiation of ripening or harvest, several biochemical changes occur in fruits
and vegetables. As some of these changes such as the development of color, flavor, and
sweet taste are desirable for fruits—any sort of quality changes are ideally not desired
in vegetables. Thus, strategies for the preservation of shelf life and quality in fruits and
vegetables could be entirely different. It is important to know the biochemical differences
between fruitsand vegetablesand several biochemical pathwaysthat operatein thesetissues
to develop ideal conditions of storage for the preservation of shelf life and quality.

3.2 Biochemical composition of fruits

Fruits contain a large percentage of water that can often exceed 95% by fresh weight.
During ripening, activation of several metabolic pathways often leads to drastic changesin
thebiochemical composition of fruits. Fruitssuch asbananastore starch during devel opment
and hydrolyze the starch to sugars during ripening that also resultsin fruit softening. Most
fruitsare capabl e of photosynthesis, storestarch, and convert them to sugarsduring ripening.
Fruits such as apple, tomato, and grape have a high percentage of organic acids, which
decreasesduring ripening. Fruitscontain large amountsof fibrousmaterialssuch ascellulose
and pectin. The degradation of these polymers into smaller water-soluble units during
ripening leads to fruit softening as exemplified by the breakdown of pectin in tomato and
cellulosein avocado. Secondary plant productsare major compositional ingredientsinfruits.
Anthocyanins are the major color components in grapes, blueberries, apples, and plums;
carotenoids, specifically lycopene and carotene, are the major componentsthat impart color
intomatoes. Aromais derived from several types of compounds that include monoterpenes
(asin lime, orange), ester volatiles (ethyl, methyl butyrate in apple, iscamyl acetate in
banana), simple organic acids such as citric and malic acids (citrus fruits, apple), and small
chain aldehydes such as hexenal and hexanal (cucumber). Fruits are also rich in vitamin
C. Lipid content is quite low in fruits, the exceptions being avocado and olives, in which
triacylglycerols (oils) form the major storage components. The amounts of proteins are
usually low in most fruits.

3.2.1 Carbohydrates, storage, and structural components

As the name implies, carbohydrates are organic compounds containing carbon, hydrogen,
and oxygen. Basically, al carbohydrates are derived by the photosynthetic reduction of CO,,
and the hexoses (glucose, fructose) and pentoses (ribose, ribulose) that are intermediates
in the pathway are further converted to several sugar monomers. Polymerization of severa
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sugar derivatives leads to various storage (starch) and structural components (cellulose,
pectin).

During photosynthesis, the glucose formed is converted to starch and stored as starch
granules. Glucose and its isomer fructose, along with phosphorylated forms (glucose-6-
phosphate, glucose-1,6-diphosphate, fructose-6-phosphate, and fructose-1,6-diphosphate),
can be considered to be the major metabolic hexose pool components that provide carbon
skeleton for the synthesisof carbohydrate polymers. Starchisthemajor storagecarbohydrate
in fruits. There are two molecular forms of starch—amylose and amylopectin—and both
components are present in the starch grain. Starch is synthesized from glucose phosphate
by the activities of a number of enzymes designated as ADP-glucose pyrophosphorylase,
starch synthase and a starch-branching enzyme. ADP-glucose pyrophosphorylase catalyzes
the reaction between glucose-1-phosphate and ATP that generates ADP-glucose and py-
rophosphate. ADP-glucose is used by starch synthase to add glucose molecules to amylose
or amylopectin chain, thusincreasing their degree of polymerization. In contrast to cellulose
that is made up of glucose unitsin 8-1,4-glycosidic linkages, the starch molecule contains
glucose linked by «-1,4-glycosidic linkages. The starch-branching enzyme introduces glu-
cose molecules through «-1,6-linkages to alinear amylose molecule. These added glucose
branch points serve as sites for further elongation by starch synthase, thus resulting in a
branched starch molecule, also known as amylopectin.

Cell wall is a complex structure composed of cellulose and pectin, derived from hex-
0ses such as glucose, galactose, rhamnose and mannose, and pentoses such as xylose and
arabinose, aswell as some of their derivatives such as glucuronic and galacturonic acids. A
model proposed by Keegstra et al. (1993) describes the cell wall as a polymeric structure
constituted by cellulose microfibrilsand hemicellul ose embedded in the apopl astic matrix in
associ ation with pectic componentsand proteins. |n combination, these components provide
the structural rigidity that is characteristic to the plant cell. Most of the pectin is localized
in the middle lamella. Cellulose is biosynthesized by the action of 8-1,4-glucan synthase
enzyme complexes that are localized on the plasma membrane. The enzyme uses uridine
diphosphate glucose (UDPG) as a substrate and, by adding UDPG units to small cellulose
units, extends the length and polymerization of the cellulose chain. In addition to cellu-
lose, there are polymers made of different hexoses and pentoses known as hemicellul oses,
and based on their composition, they are categorized as xyloglucans, glucomannans, and
galactoglucomannans. The cellulose chains assemble into microfibrils through hydrogen
bondsto form crystallinestructures. Inasimilar manner, pectinisbiosynthesized from UDP-
galacturonic acid (galacturonic acid is derived from galactose, asix-carbon sugar) aswell as
other sugarsand derivatives and includes gal acturonans and rhamnogal acturonans that form
the acidic fraction of pectin. As the name implies, rhamnogalacturonans are synthesized
primarily from galacturonic acid and rhamnose. The carboxylic acid groups complex with
calcium, which provide the rigidity to the cell wall and the fruit. The neutral fraction of
the pectin comprises polymers such as arabinans (polymers of arabinose), galactans (poly-
mers of galactose), or arabinogal actans (contai ning both arabinose and galactose). All these
polymeric components form a complex three-dimensional network stabilized by hydrogen
bonds, ionic interactionsinvolving calcium, phenolic components such asdiferulic acid and
hydroxyproline-rich glycoproteins (Fry, 1986). It is aso important to visualize that these
structures are not static and the components of cell wall are constantly being turned over in
response to growth conditions.
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3.2.2 Lipids and biomembranes

By structure, lipids can form both structural and storage components. The major forms of
lipids include fatty acids, diacyl- and triacylglycerols, phospholipids, sterols, and waxes
that provide an external barrier to the fruits. Fruits, in general, are not rich in lipids with
the exception of avocado and olives that store large amounts of triacylglycerols or ail.
As generaly observed in plants, the major fatty acids in fruits include palmitic (16:0),
stearic (18:0), oleic (18:1), linoleic (18:2), and linolenic (18:3) acids. Among these, oleic,
linoleic, and linolenic acids possess an increasing degree of unsaturation. Olive oil isrich
intriacylglycerols containing the monounsaturated ol eic acid and is considered as a healthy
ingredient for human consumption.

Compartmentalization of cellular ingredientsand ionsisan essential characteristic of al
lifeforms. Thecompartmentalizationisachieved by biomembranes, formed by theassembly
of phospholipidsand several neutral lipidsthat includediacylglycerolsand sterols, the major
constituents of the biomembranes. Virtualy, al cellular structures include or are enclosed
by biomembranes. The cytoplasm is surrounded by the plasmamembrane, the biosynthetic,
and the transport compartments such as the endoplasmic reticulum and golgi bodies form
an integral network of membranes within the cell. Photosynthetic activity, which converts
light energy into chemical energy, and respiration, which further converts chemical energy
into more usable forms, occur on the thylakoid membrane matrix in the chloroplast and
the cristae of mitochondria, respectively. All these membranes have their characteristic
composition and enzyme complexes to perform their designated function.

Themajor phospholipidsthat constitutethe biomembranesinclude phosphatidylcholine,
phosphatidylethanolamine, phosphatidylglycerol, and phosphatidylinositol. Their relative
proportion may vary from tissue to tissue. In addition, metabolic intermediates of phos-
pholipids such as phosphatidic acid, diacylglycerols, and free fatty acids are also present in
the membrane in lower amounts. Phospholipids are integral functional components of hor-
monal and environmental signal transduction processes in the cell. Phosphorylated forms
of phosphatidylinositol such as phosphatidylinositol-4-phosphate and phosphatidylinositol -
4,5-bisphosphate are formed during signal transduction events, though their amounts can
be very low. The membrane a so contains sterols such as sitosterol, campesterol, and stig-
masterol, aswell astheir glucosides, and they are extremely important for the regul ation of
membrane fluidity and function.

Biomembranes are bilamellar layers of phospholipids. The amphipathic nature of phos-
pholipids having hydrophilic head groups (choline, ethanolamine, etc.) and hydrophobic
fatty acyl chainsthermodynamically favor their assembly into bilamellar or micellar struc-
tures when exposed to an agueous environment. In a biomembrane, the hydrophilic head-
groups are exposed to the external agueous environment. The phospholipid composition
between various fruits may differ, and within the same fruit, the inner and outer lamella of
the membrane may have a different phospholipid composition. Such differences may cause
changes in polarity between the outer and inner lamellae of the membrane and lead to the
generation of avoltage acrossthe membrane. These differences usually become operational
during signal transduction events.

An essential characteristic of the membrane is its fluidity. The fluid-mosaic model of
the membrane (Singer and Nicholson, 1972) depicts the membrane as a planar matrix
composed of phospholipids and proteins. The proteins are embedded in the membrane
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bilayer (integral proteins) or are bound to the periphery (peripheral proteins). The nature
of this interaction stems from the structure of the proteins. If the proteins have a much
larger proportion of hydrophobic amino acids, they would tend to become embedded in
the membrane bilayer. If the protein contains more hydrophilic amino acids, it may tend
to prefer a more agueous environment and thus remain as a peripheral protein. In addition,
proteinsmay be covalently attached to phospholipids such as phosphatidylinositol. Proteins
that remain in the cytosol may also become attached to the membrane in response to
an increase in cytosolic calcium levels. The membrane is a highly dynamic entity. The
semifluid nature of the membrane allows for the movement of phospholipids in the plane
of the membrane and between the bilayers of the membrane. The proteins are also mobile
within the plane of the membrane. However, this process is not always random and is
regulated by the functional assembly of proteins into metabolons (photosynthetic units
in thylakoid membrane, respiratory complexes in the mitochondria, cellulose synthase on
plasmamembrane, etc.), their interactionswith the underlying cytoskel etal system (network
of proteins such as actin and tubulin), and the fluidity of the membrane.

The maintenance of homeostasis (life processes) requires the maintenance of the in-
tegrity and function of discrete membrane compartments. Thisis essential for the compart-
mentalization of ions and metabolites, which may otherwise destroy the cell. For instance,
calcium ions are highly compartmentalized within the cell. The concentration of calciumis
maintained at the millimolar levels within the cell wall compartment (apoplast), endoplas-
mic reticulum, and the tonoplast (vacuole). Thisisachieved by energy-dependent extrusion
of calcium from the cytoplasm into these compartments by AT Pases. Asaresult, the cytoso-
lic calcium levels are maintained at low micromolar (<1 wM) levels. Maintenance of this
concentration gradient across the membraneisakey requirement for the signal transduction
events, asregulated entry of calcium into the cytosol can be achieved simply by opening cal-
cium channels. Cal cium can then activate several cellular biochemical reactionsthat mediate
theresponseto the signal. Calciumis pumped back into the storage compartments when the
signal diminishesin intensity. In a similar manner, cytosolic pH is highly regulated by the
activity of proton ATPases. The pH of the apoplast and the vacuole is maintained near 4,
whereasthe pH of the cytosol ismaintained in therange of 6-6.5. ThepH gradient acrossthe
membraneisakey featurethat regul atestheabsorption or extrusion of other ionsand metabo-
lites such as sugars. The cell could undergo senescence if this compartmentalizationislost.

There are several factors that affect the fluidity of the membrane. The major factor that
affects the fluidity isthe type and proportion of acyl chain fatty acids of the phospholipids.
At agiven temperature, ahigher proportion of unsaturated fatty acyl chains (oleic, linoleic,
linolenic) in the phospholipids can increase the fluidity of the membrane. An increase in
saturated fatty acids such as palmitic and stearic acids can decrease the fluidity. Other
membrane components such as sterols and degradation products of fatty acids such as
fatty aldehydes and alkanes can also decrease the fluidity. Based on the physiological
status of the tissue, the membranes can exist in either aliquid crystalline state (where the
phospholipids and their acyl chains are mobile) or a gel state where they are packed as
rigid-ordered structures and their movements are much restricted. The membrane usualy
has coexisting domains of liquid crystalline and gel-phase lipids depending on growth
conditions, temperature, ion concentration near the membrane surface. The tissue has the
ability to adjust the fluidity of the membrane by altering the acyl lipid composition of
the phospholipids. For instance, an increase in the gel-phase lipid domains resulting from
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exposure to cold temperature could be counteracted by increasing the proportion of fatty
acyl chains having a higher degree of unsaturation and therefore a lower melting point.
Thus, the membrane will tend to remain fluid even at alower temperature. An increasein
gel-phase lipid domains can result in the loss of compartmentalization. The differencesin
the mobility properties of phospholipid acyl chains can cause packing imperfections at the
interface between gel and liquid crystalline phases, and these regions can become leaky to
calcium ions and protons that are highly compartmentalized. The membrane proteins are
also excluded fromthegel phaseintotheliquid crystalline phase. Thus, during examinations
of membrane structure by freeze fracture electron microscopy, the gel-phase domains can
appear as regions devoid of proteins (Paliyath and Thompson, 1990).

3.2.3 Proteins

Fruits, in general, are not very rich sources of proteins. During the early growth phase of
fruits, the chloroplasts and mitochondriaare the major organellesthat contain structural pro-
teins. Thestructural proteinsincludethelight-harvesting complexesin chloroplast or theres-
piratory enzyme/protein complexes in mitochondria. Ribul ose-bis-phosphate carboxylase/
oxygenase (Rubisco) is the most abundant enzyme in photosynthetic tissues. Fruits do not
store proteins as an energy source. The green fruits such as bell peppers and tomato have a
higher level of chloroplast proteins.

3.2.4 Organic acids

Organic acids are major components of fruits. The acidity of fruits arises from the organic
acids that are stored in the vacuole, and their composition can vary depending on the type
of fruit. In general, young fruits contain more acids that may decline during maturation
and ripening due to their conversion to sugars (gluconeogenesis). Some fruit families are
characterized by the presence of certain organic acids. For example, fruits of Oxalidaceae
members (ex. Starfruit, Averrhoa carambola) contain oxalic acid, and fruits of the citrus
family, Rutaceae, arerichin citric acid. Apples contain malic acid and grapes are character-
ized by the presence of tartaric acid. In general, citric and malic acids are the major organic
acidsof fruits. Grapes contain tartaric acid as the major organic acid. During ripening, these
acids can enter the citric acid cycle and undergo further metabolic conversions.

L-(+)tartaric acid is the optically active form of tartaric acid in grape berries. A peak in
acid content is observed before theinitiation of ripening, and the acid content declineson a
fresh weight basis during ripening. Tartaric acid can be biosynthesized from carbohydrates
and other organic acids. Radiolabeled glucose, glycolate, and ascorbate were all converted
to tartarate in grape berries. Maate can be derived from the citric acid cycle or through
carbon dioxidefixation of pyruvate by the malic enzyme (nicotinamide adenine dinucleotide
phosphate (NADPH)-dependent malate dehydrogenase). Malic acid, as the name implies,
is also the major organic acid in apples.

3.3 Fruit ripening and softening

Fruit ripening is the physiological repercussion of a very complex and interrelated bio-
chemical changesthat occur in the fruits. Ripening isthe ultimate stage of the devel opment
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of the fruit, which entails the development of ideal organoleptic characters such as taste,
color, and aroma that are important features of attraction for the vectors (animals, birds,
etc.) responsible for the dispersal of the fruit, and thus the seeds, in the ecosystem. Human
beings have developed an agronomic system of cultivation, harvest, and storage of fruits
with ideal food qualities. In most cases, the ripening process is very fast, and the fruits
undergo senescence resulting in the loss of desirable qualities. An understanding of the
biochemistry and molecular biology of the fruit ripening process has resulted in develop-
ing biotechnological strategies for the preservation of postharvest shelf life and quality of
fruits.

In response to the initiation of ripening, several biochemical changes areinduced in the
fruit, which ultimately results in the development of ideal texture, taste, color, and flavor.
Several biochemical pathways are involved in these processes as described next.

3.3.1 Carbohydrate metabolism

3.3.1.1 Cell wall degradation

Cell wall degradationisthe major factor that causes softening of several fruits. Thisinvolves
the degradation of cellulose components, pectin components, or both. Celluloseis degraded
by theenzymecellulase or 8-1,4-glucanase. Pectin degradation involvesthe enzymes pectin
methylesterase, polygal acuronase (pectinase), and 8-galactosidase. The degradation of cell
wall can bereduced by the application of calcium asaspray or drenchinapplefruits. Calcium
binds and cross-links the free carboxylic groups of polygalacturonic acid components in
pectin. Calcium treatment therefore al so enhances the firmness of the fruits.

The activities of both cellulase and pectinase have been observed to increase during
ripening of avocado fruits and result in their softening. Cellulase is an enzyme with arel-
ative molecular mass of 54.2 kDa and formed by extensive posttranslational processing
of a native 54-kDa protein involving proteolytic cleavage of the signal peptide and glyco-
sylation (Bennet and Christofferson, 1986). Further studies have shown three isoforms of
cellulose ranging in molecular masses between 50 and 55 kDa. These forms are associated
with the endoplasmic reticulum, the plasma membrane, and the cell wall (Dalman et al.,
1989). The cellulase isoforms are initially synthesized at the style end of the fruit at the
initiation of ripening, and the biosynthesis moves toward the stalk end of the fruit with the
advancement of ripening. Degradation of hemicellul oses (xyloglucans, glucomannans, and
galactoglucomannans) isal so considered asanimportant featurethat leadsto fruit softening.
Degradation of these polymers could be achieved by cellulases and galactosidases.

Loss of pectic polymers through the activity of polygalacturonases (PG) is a major
factor involved in the softening of fruits such astomato. There are three major isoforms of
polygalacturonases responsible for pectin degradation in tomato, designated as PG1, PG2a,
and PG2b (Fischer and Bennet, 1991). PG1 has arelative molecular mass of 100 kDa, and
is the predominant form at the initiation of ripening. With the advancement of ripening,
PG2a and PG2b isoforms increase, becoming the predominant isoforms in ripe fruit. The
different molecular masses of theisozymes result from the posttrand ational processing and
glycosylation of the polypeptides. PG2a (43 kDa) and PG2b (45 kDa) appear to bethe same
polypeptidewith different degrees of glycosylation. PG1isacomplex of three polypeptides:
PG2a, PG2h, and a 38-kDa subunit known asthe 8-subunit. The 38-kDasubunit isbelieved
to exist in the cell wall space where it combines with PG2a and PG2b, forming the PG1
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isoform of PG. Theincreasein activity of PGl isrelated to the rate of pectin solubilization
and tomato fruit softening during the ripening process.

Research into the understanding of the regulation of biosynthesis and activity of PG
using molecular biology tools has resulted in the development of strategies for enhancing
the shelf life and quality of tomatoes. PG mMRNA is one of thefirst ripening-related mMRNASs
isolated from tomato fruits. All the different isoforms of PGs are encoded by a single gene.
The PG cDNA which hasan openreading frame of 1,371 basesencodesapolypeptidehaving
457 amino acids, that includes a24-amino acid signa sequence (for targeting to the cell wall
space) and a 47-amino acid prosequence at the N-terminal end, which are proteolytically
removed during the formation of the active PG isoforms. A 13-amino acid long C-terminal
peptide is also removed resulting in a 373-amino acid long polypeptide, which undergoes
different degrees of glycosylation resulting in the PG2a and PG2b isozymes. Complex
formation between PG2a, PG2b, and the 38-kDa subunit in the apoplast resultsin the PG1
isozyme(Griersonetal., 1986; Bird et al., 1988). In responseto ethylenetreatment of mature
green tomato fruits, which stimulates ripening, the levels of PG mRNA and PG are found
to increase. These changes can be inhibited by treating tomatoes with silver ions, which
interferewith the binding of ethylenetoitsreceptor and initiation of ethyleneaction (Davies
et a., 1988). Thus, thereis alink between ethylene, PG synthesis, and fruit softening.

Genetic engineering of tomato with the objective of regulating PG activity has yielded
complex results. In the rin mutant of tomato, which lacks PG and does not soften, intro-
duction of a PG gene resulted in the synthesis of an active enzyme; however, this did not
cause fruit softening (Giovannoni et al., 1989). As a corollary to this, introduction of the
PG gene in the antisense orientation resulted in near total inhibition of PG activity (Smith
et a., 1988). In both these cases, there was very little effect on fruit softening, suggesting
that factors other than pectin depolymerization may play an integral role in fruit softening.
Further studies using tomato cultivar such as UC82B (Kramer et al., 1992) showed that
antisense inhibition of ethylene biosynthesis or PG did indeed result in lowered PG activ-
ity, improved integrity of cell wall, and increased fruit firmness during fruit ripening. As
well, increased activity of pectin methylesterase, which removes the methyl groups from
esterified galacturonic acid moieties, may contribute to the fruit softening process.

The activities of pectin-degrading enzymes have been related to the incidence of phys-
iological disorders such as “mealiness’ or “wooliness’ in mature unripened peaches that
are stored at a low temperature. The fruits with such a disorder show alack of juiceand a
dry texture. Deesterification of pectin by the activity of pectin methyl esterase is thought
to be responsible for the development of this disorder. Pectin methyl esterase isozymes
with relative molecular masses in the range of 32 kDa have been observed in peaches, and
their activity increases after 2 weeks of |ow-temperature storage. Polygalacuronase activity
increases as the fruit ripens. The ripening fruits that possess both polygal acturonase and
pectin methyl esterase do not develop mealy symptoms when stored at low temperature,
implicating the potential role of pectin degradation in the development of mealiness in
peaches.

There are two forms of polygalacturonases in peaches:. the exo- and endopolygal actur-
onases. The endopolygal acturonases (endo-PG) are the predominant formsin the freestone
type of peaches, whereas the exopolygal acturonases (exo-PG) are observed in the mesocarp
of both freestone and clingstone varieties of peaches. As the name implies, exopolygalac-
turonases remove gal acturonic acid moieties of pectin from the terminal reducing end of the
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chain, whereas the endopolygal acturonases can cleave the pectin chain at random within
the chain. The activities of these enzymes increase during the ripening and softening of
the fruit. Two exo-PG isozymes have been identified in peach, having a relative molecular
mass of near 66 kDa. The exo-acting enzymes are activated by calcium. Peach endo-PG is
observed to be similar to the tomato endo-PG. The peach endo-PG isinhibited by calcium.
Thefreestone peaches possess enhanced activities of both exo-PG and endo-PG leadingto a
high degree of fruit softening. However, the clingstone varietieswith low levels of endo-PG
activity do not soften asthe freestone varieties. In general, fruits such as peaches, tomatoes,
strawberries, and pears, which soften extensively, possess high levels of endo-PG activity.
Apple fruits, which remain firm, lack endo-PG activity.

3.3.1.2 Starch degradation

Starch is the major storage form of carbohydrates. During ripening, starch is catabolized
into glucose and fructose, which entersthe metabolic pool wherethey are used asrespiratory
substrates or further converted to other metabolites (Fig. 3.2). In fruits such as banana, the
breakdown of starch into simple sugars is associated with fruit softening. There are several
enzymes involved in the catabolism of starch. «-Amylase hydrolyzes amylose molecules
by cleaving the @-1,4-linkages between sugars, providing smaller chains of amylosetermed
as dextrins. B-Amylase is another enzyme that acts on the glucan chain, releasing maltose,
whichisadiglucoside. The dextrins aswell as maltose can be further catabolized to ssimple
glucose units by the action of glucosidases. Starch phosphorylaseis another enzyme, which
mediates the phosphorolytic cleavage of terminal glucose units at the nonreducing end of
the starch molecule using inorganic phosphate, thus releasing glucose-1-phosphate. The
amylopectin molecule is also degraded in a similar manner to amylose, but also involves
the action of debranching enzymes, which cleaves the «-1,6-linkages in amylopectin and
releases linear units of the glucan chain.

In general, starch isconfined to the plastid compartments of fruit cells, whereit existsas
granulesmade up of both amylose and amylopectin molecul es. The enzymesthat catabolize
starch are al'so found in this compartment and their activities increase during ripening. The
glucose-1-phosphate generated by starch degradation (Fig. 3.2) is mobilized into the cyto-
plasmwhereit can enter into various metabolic pools such asthat of glycolysis(respiration),
pentose phosphate pathway, or for turnover reactionsthat replenish lost or damaged cellular
structures (cell wall components). It is important to visualize that the cell always tries to
extend its life under regular developmental conditions (the exceptions being programmed
cell death that occurs during hypersensitive responseto kill invading pathogens, thuskilling
both the pathogen and the cell/tissue, formation of xylem vessels, secondary xylem tissues,
etc.), and the turnover reactions are a part of maintaining the homeostasis. The cell ulti-
mately succumbs to the catabolic reactions during senescence. The compartmentalization
and storage of chemical energy in the form of metabolizable macromolecules are al the
inherent properties of life, which is defined as a struggle against increasing entropy.

The biosynthesis and catabolism of sucrose is an important part of carbohydrate
metabolism. Sucrose is the major form of transport sugar and is translocated through the
phloem tissuesto other parts of the plant. It isconceivable that photosynthetically fixed car-
bon from leaf tissues may be transported to the fruits as sucrose during fruit development.
Sucroseisbiosynthesi zed from glucose-1-phosphate by three major steps(Fig. 3.3). Thefirst
reaction involves the conversion of glucose-1-phosphate to UDP-glucose, by UDP-glucose
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Fig. 3.2 Starch—sugar interconversionsin plants and metabolite transfer from chloroplast to the cytoplasm.

pyrophosphorylase in the presence of UTP (uridine triphosphate). UDP-glucose is aso an
important substrate for the biosynthesis of cell wall components such as cellulose. UDP-
glucose is converted to sucrose-6-phosphate by the enzyme sucrose phosphate synthase,
which utilizes fructose-6-phosphate during this reaction. Finally, sucrose is formed from
sucrose-6-phosphate by the action of phosphatase with the liberation of the inorganic phos-
phate.

Even though sucrose biosynthesisisan integral part of starch metabolism, sucrose often
is not the predominant sugar that accumulates in fruits. Sucrose is further converted into
glucose and fructose by the action of invertase, which is characteristic to many ripe fruits.
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Or, by the actions of sucrose synthase and UDP-glucose pyrophosphorylase, glucose-1-
phosphate can be regenerated from sucrose. As well, sugar alcohols such as sorbitol and
mannitol are major transport and storage components in apple and olive, respectively.
Biosynthesis and catabolism of starch has been extensively studied in banana, where
prior to ripening, it can account for 20-25% by fresh weight of the pulp tissue. All the starch-
degrading enzymes—a-amylase, -amylase, a-glucosidase, and starch phosphorylase—
have been isolated from banana pulp. The activities of these enzymes increase during
ripening. Concomitant with the catabolism of starch, thereis an accumulation of the sugars,
primarily, sucrose, glucose, and fructose. At the initiation of ripening, sucrose appears to
be the major sugar component, which declines during the advancement of ripening with
a simultaneous increase in glucose and fructose through the action of invertase (Beaudry
et al., 1989). Mango is another fruit that stores large amounts of starch. The starch is
degraded by the activities of amylases during the ripening process. In mango, glucose,
fructose, and sucrose are the major forms of simple sugars (Selvargj et a., 1989). The sugar
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content is generaly very high in ripe mangoes and can reach levels in excess of 90% of
the total soluble solids content. Fructose is the predominant sugar in mangoes. In contrast
to the bananas, the sucrose levels increase with the advancement of ripening in mangoes,
potentially dueto gluconeogenesisfrom organic acids (Kumar and Selvargj, 1990). Aswell,
the levels of pentose sugars increase during ripening, and could be related to an increase in
the activity of the pentose phosphate pathway.

3.3.1.3 Glycolysis

The conversion of starch to sugars and their subsegquent metabolism occur in different com-
partments. During the development of fruits, photosynthetically fixed carbonis utilized for
both respiration and biosynthesis. During this phase, the biosynthetic processes dominate.
As the fruit matures and begin to ripen, the pattern of sugar utilization changes. Ripening
isahighly energy-intensive process. And thisisreflected in the burst in respiratory carbon
dioxide evolution during ripening. As mentioned earlier, the respiratory burst is character-
istic of some fruits that are designated as climacteric fruits. The postharvest shelf life of
fruits can depend on their intensity of respiration. Fruits such as mango and banana possess
high level of respiratory activity and are highly perishable. The application of controlled
atmosphere conditions having low oxygen levels and low temperature have thus become a
routine technology for the long-term preservation of fruits.

The sugars and sugar phosphates generated during the catabolism of starch are metab-
olized through the glycolysis and citric acid cycle (Fig. 3.4). Sugar phosphates can aso
be channeled through the pentose phosphate pathway, which is a magjor metabolic cycle
that provides reducing power for biosynthetic reactionsin the form of NADPH, aswell as
supplying carbon skeletons for the biosynthesis of several secondary plant products. The
organic acids stored in the vacuole are metabolized through the functional reversal of res-
piratory pathway, which is termed as gluconeogenesis. Altogether, sugar metabolism is a
key biochemical characteristic of the fruits.

In the glycolytic steps of reactions (Fig. 3.4), glucose-6-phosphate is isomerized to
fructose-6-phosphate by the enzyme hexose phosphate isomerase. Glucose-6-phosphate is
derived from glucose-1-phosphate by the action of glucose phosphate mutase. Fructose-
6-phosphate is phosphorylated at the C1 position yielding fructose-1,6-bisphosphate. This
reaction is catalyzed by the enzyme phosphofructokinase in the presence of ATP. Fructose-
1,6-bisphosphate is further cleaved into two three-carbon intermediates, dihydroxyace-
tone phosphate and glyceraldehyde-3-phosphate, catalyzed by the enzyme aldolase. These
two compounds are interconvertible through an isomerization reaction mediated by triose
phosphate isomerase. Glyceraldehyde-3-phosphate is subsequently phosphorylated at the
C1 position using orthophosphate, as well as oxidized using nicotinamide adenine dinu-
cleotide (NAD), to generate 1,3-diphosphoglycerate and nicotinamide adenine dinucleotide
plus hydrogen (NADH). In the next reaction, 1,3-diphosphoglycerate is dephosphory-
lated by glycerate-3-phosphate kinase in the presence of ADP, along with the forma-
tion of ATP. Glycerate-3-phosphate formed during this reaction is further isomerized to
2-phosphoglycerate in the presence of phosphoglycerate mutase. In the presence of the
enzyme enolase, 2-phosphoglycerateis converted to phosphoenol pyruvate (PEP). Dephos-
phorylation of phosphoenolpyruvate in the presence of ADP by pyruvate kinase yields
pyruvate and ATP. Metabolic fate of pyruvate is highly regulated. Under normal condi-
tions, it is converted to acetyl coA, which then entersthe citric acid cycle. Under anaerobic



32 POSTHARVEST BIOLOGY & TECHNOLOGY OF FRUITS, VEGETABLES, & FLOWERS

Hexokinase
Glucose ( *» Glucose-6-phosphate

Hexosephosphate isomerase
ATP ADP ‘\\‘

Fructose-6-phosphate

Dihydroxyacetone pghosphate ATP
ADP Phosphofructokinase
Triose phosphate

isomerase Aldolase Fructose-1,6-bisphosphate

Glyceraldehyde-3-phosphate

NAD ———

NADH Glyceraldehyde-3-phosphate

dehydrogenase
1,3-Diphosphoglycerate
ADP

ATP Glycerate-3-phosphate kinase

3-Phosphoglycerate 2-Phosphoglycerate
Phosphoglycerate mutase

ATP ADP Enolase

NAD NADH

Ethanol Acetaldehyde

Alcohol Pyruvate
dehydrogenase decarboxylase NAD

«— Pyruvate dehydrogenase
Anaerobic metabolism Cco, NADH

Acetyl CoA

Malate Oxaloacetate h Citrate

dehydrogenase Citrate synthse ‘\\Aconltase
NADH
Malate Isocitrate

NAD

Pyruvate Phosphoenol pyruvate

Citric acid cycle NAD CO;
Fumarase NADH Isocitrate
NAD dehydrogenase
FADH
F 2
umarate FAD NADH o-Ketoglutarate
ATP ADP
Succinate _ CoA-SH
dehydrogenase Succinate

Succinyl CoA co,

CoA-SH Succinate thiokinase
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conditions, pyruvate can be metabolized to ethanol, whichisabyproduct in several ripening
fruits.

There aretwo key regulatory stepsin glycolysis: one mediated by phosphofructokinase
(PFK) and the other by pyruvate kinase. In addition, there are other types of modulation
involving cofactors and enzyme structural changes reported to be involved in glycolytic
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control. ATP levels increase during ripening. However, in fruits, this does not cause a
feedback inhibition of phosphofructokinase as observed in animal systems. There are two
isozymesof PFK in plants: onelocalized in plastidsand the other localized in the cytoplasm.
These isozymes regul ate the flow of carbon from the hexose phosphate pool to the pentose
phosphate pool. PFK isozymes are strongly inhibited by phosphoenol pyruvate. Thus, any
conditions that may cause the accumulation of phosphoenol pyruvate will tend to reduce
the carbon flow through glycolysis. By contrast, inorganic phosphate is a strong activator of
PFK. Thus, theratio of PEP to inorganic phosphate would appear to be the major factor that
regulates the activity of PFK and carbon flux through glycolysis. Structural alteration of
phosphofructokinase, which increases the efficiency of utilization of fructose-6-phosphate,
is another means of regulation that can activate the carbon flow through the glycolytic
pathway.

Other enzymes of the glycolytic pathway areinvolved in theregulation of starch/sucrose
biosynthesis (Figs 3.2 and 3.3). Fructose-1,6-bisphosphate is converted back to fructose-6-
phosphate by the enzyme fructose-1,6-bisphosphatase, also releasing inorganic phosphate.
Thisenzymeislocalized in the cytosol and chloroplast. Fructose-6-phosphate is converted
to fructose-2,6-bi sphosphate by fructose-6-phosphate 2-kinase, which can be dephosphory-
lated at the 2-position by fructose-2,6-bisphosphatase. Fructose-6-phosphate is an interme-
diary in sucrose biosynthesis (Fig. 3.3). Sucrose phosphate synthase (SPS) is regulated by
reversible phosphorylation (aform of posttransational modification that involves addition
of aphosphate moiety from ATPto an OH amino acid residueinthe protein, such asserineor
threonine, mediated by akinase, and dephosphorylation mediated by aphosphatase) by SPS
kinase and SPS phosphatase. Phosphorylation of the enzyme makesiit less active. Glucose-
6-phosphate is an allosteric activator (a molecule that can bind to an enzyme and increase
its activity through enzyme subunit association) of the active form of SPS (dephosphory-
lated). Glucose-6-phosphate is an inhibitor of SPS kinase, and inorganic phosphate is an
inhibitor of SPS phosphatase. Thus, under conditions when glucose-6-phosphate/inorganic
phosphate ratio is high, the active form of SPS will dominate, favoring sucrose phosphate
biosynthesis. These regulations are highly complex and may be regulated by the flux of
other sugarsin several pathways.

The conversion of PEPto pyruvate mediated by pyruvate kinaseisanother key metabolic
step in the glycolytic pathway and is irreversible. Pyruvate is used in several metabolic
reactions. During respiration, pyruvate is further converted to acetyl coenzyme A (acetyl
CoA), which enters the citric acid cycle through which it is completely oxidized to carbon
dioxide (Fig. 3.3). The conversion of pyruvate to acetyl CoA is mediated by the enzyme
complex pyruvate dehydrogenase and is an oxidative step that involves the formation of
NADH fromNAD. Acetyl CoA isakey metaboliteand starting point for several biosynthetic
reactions (fatty acids, isoprenoids, phenylpropanoids, etc.).

3.3.1.4 Citric acid cycle

Thecitric acid cycleinvolvesthe biosynthesis of several organic acids, many of which serve
as precursors for the biosynthesis of several groups of amino acids. In the first reaction,
oxal oacetate combines with acetyl CoA to form citrate and is mediated by citrate synthase
(Fig. 3.4). In the next step, citrate is converted to isocitrate by the action of aconitase. The
next two steps in the cycle involve oxidative decarboxylation. The conversion of isocitrate
to «-ketoglutarate involves the removal of a carbon dioxide molecule and reduction of
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NAD to NADH. This step is catalyzed by isocitrate dehydrogenase. «-Ketoglutarate is
converted to succinyl CoA by «-ketoglutarate dehydrogenase, along with the removal of
another molecule of carbon dioxide and the conversion of NAD to NADH. Succinate, the
next product, is formed from succinyl CoA by the action of succinyl CoA synthetase that
involves the removal of the CoA moiety and the conversion of ADP to ATP. Through
these steps, the complete oxidation of the acetyl CoA moiety has been achieved with the
removal of two molecules of carbon dioxide. Thus, succinate is a four-carbon organic
acid. Succinate is further converted to fumarate and malate in the presence of succinate
dehydrogenase and fumarase, respectively. Malateisoxidized to oxal oacetate by theenzyme
mal ate dehydrogenase along with the conversion of NAD to NADH. Oxal oacetate then can
combine with another molecule of acetyl CoA to repeat the cycle. The reducing power
generated in the form of NADH and FADH (succinate dehydrogenation step) is used for
the biosynthesis of ATP through the transport of electrons through the electron transport
chain in the mitochondria

3.3.1.5 Gluconeogenesis

Several fruits store large amounts of organic acids in their vacuole, and these acids are
converted back to sugars during ripening, a process termed as gluconeogenesis. Several
irreversiblestepsintheglycolysisand citric acid cycleare bypassed during gluconeogenesis.
Malate and citrate are the mgjor organic acids present in fruits. In fruits such as grapes,
where there is a transition from a sour to a sweet stage during ripening, organic acids
content declines. Grape contains predominantly tartaric acid along with malate, citrate,
succinate, fumarate, and several organic acid intermediates of metabolism. The content of
organic acidsin berries can affect their suitability for processing. High acid content coupled
with low sugar content can result in poor quality wines. External warm growth conditions
enhance the metabolism of malic acid in grapes during ripening and could result in a high
tartarate/mal ate ratio, which is considered ideal for vinification.

The metabolism of malate during ripening is mediated by the malic enzyme, NADP-
dependent malatedehydrogenase. Alongwith adeclinein malate content, thereisaconcomi-
tant increase in the sugars suggesting a possible metabolic precursor product relationship
between thesetwo events. Indeed, when grape berrieswerefed with radiolabeled mal ate, the
radiolabel could berecovered in glucose. The metabolism of malate involvesits conversion
to oxal oacetate mediated by malate dehydrogenase, the decarboxylation of oxal oacetate to
phosphoenol pyruvate catalyzed by PEP-carboxykinase, and a reversal of glycolytic path-
way leading to sugar formation (Ruffner et al., 1983). The gluconeogenic pathway from
malate may contribute only asmall percentage (5%) of the sugars, and adecreasein malate
content could primarily result from reduced synthesis and increased catabolism through
the citric acid cycle. The inhibition of malate synthesis by the inhibition of the glycolytic
pathway could result in increased sugar accumulation. Metabolism of malatein apple fruits
is catalyzed by NADP-malic enzyme that converts malate to pyruvate. In apples, malate
appears to be primarily oxidized through the citric acid cycle. Organic acids are important
components of citrusfruits. Citric acid isthe major form of the acid followed by malic acid
and several lessabundant acids such asacetate, pyruvate, oxaate, glutarate, and fumarate. In
oranges, the acidity increases during maturation of the fruit and declines during the ripening
phase. Lemon fruits, by contrast, increase their acid content through the accumulation of
citrate. The citrate levels in various citrus fruits range from 75 to 88%, and malate levels
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range from 2 to 20%. Ascorbate is another major component of citrus fruits. Ascorbate
levels can range from 20 to 60 mg/100 g juicein various citrus fruits. The orange skin may
possess 150-340 mg/100 g fresh weight of ascorbate, which may not be extracted into the
juice.

3.3.1.6 Anaerobic respiration
Anaerobic respiration is a common event in the respiration of ripe fruits and especially
becomes significant when fruits are exposed to low temperature. Often, this may result
from oxygen-depriving conditions induced inside the fruit. Under anoxia, ATP production
through the citric acid cycle and mitochondrial electron transport chain isinhibited. Anaer-
obic respiration is a means of regenerating NAD, which can drive the glycolyic pathway
and produce minimal amounts of ATP (Fig. 3.4). Under anoxia, pyruvate formed through
glycolysisisconverted to lactate by | actate dehydrogenase using NADH asthe reducing fac-
tor, and generating NAD. Accumulation of lactate in the cytosol could cause acidification,
and under these low pH conditions, lactate dehydrogenase is inhibited. The formation of
acetaldehyde by the decarboxylation of pyruvateis stimulated by the activation of pyruvate
decarboxylase under low pH conditions in the cytosol. It is also likely that the increase in
concentration of pyruvate in the cytoplasm may stimulate pyruvate decarboxylase directly.
Acetaldehydeis reduced to ethanol by alcohol dehydrogenase using NADH asthe reducing
power. Thus, acetaldehyde and ethanol are common volatile components observed in the
headspace of fruits, indicative of the occurrence of anaerobic respiration. Cytosolic acidi-
fication is a condition that stimulates deteriorative reactions. By removing lactate through
efflux and converting pyruvate to ethanol, cytosolic acidification can be avoided.
Anaerobic respiration plays a significant role in the respiration of citrus fruits. During
early stages of growth, respiratory activity predominantly occursin the skin tissue. Oxygen
uptake by the skin tissue was much higher than the juice vesicles (Purvis, 1985). With
advancing maturity, adeclinein aerobic respiration and an increase in anaerobic respiration
was observed in Hamlin orange skin (Bruemmer, 1989). In parallel with this, the levels
of ethanol and acetaldehyde increased. As well, a decrease in the organic acid substrates,
pyruvate and oxal oacetate, was detectablein Hamlin orangejuice. Anincreaseintheactivity
levels of pyruvate decarboxylase, alcohol dehydrogenase, and malic enzymewasnoticed in
parallel with the declinein pyruvate and accumulation of ethanol. In applefruits, malic acid
is converted to pyruvate by the action of NADP-malic enzyme, and pyruvate subsequently
converted to ethanol by the action of pyruvate decarboxylase and acohol dehydrogenase.
Thealcohol dehydrogenasein apple can use NADPH asacofactor, and NADPisregenerated
during ethanol production, thus driving malate utilization. Ethanol is either released as a
volatile or can be used for the biosynthesis of ethyl esters of volatiles.

3.3.1.7 Pentose phosphate pathway

Oxidative pentose phosphate pathway (PPP) is a key metabolic pathway that provides
reducing power (NADPH) for biosynthetic reactions as well as carbon precursors for the
biosynthesis of amino acids, nucleic acids, secondary plant products, etc. The PPP shares
many of the sugar phosphate intermediates with the glycolytic pathway (Fig. 3.5). The PPP
is characterized by the interconversion of sugar phosphates with three (glyceraldehyde-
3-phosphate), four (erythrose-4-phosphate), five (ribulose, ribose, xylulose phosphates),
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six (glucose-6-phosphate, fructose-6-phosphate), and seven (sedoheptul ose-7-phosphate)
carbons.

PPP involves the oxidation of glucose-6-phosphate, and the sugar phosphate interme-
diates formed are recycled. Thefirst two reactions of PPP are oxidative reactions mediated
by the enzymes glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydroge-
nase (Fig. 3.5). In the first step, glucose-6-phosphate is converted to 6-phosphogluconate
by the removal of two hydrogen atoms by NADP to form NADPH. In the next step, 6-
phosphogluconate, asix-carbon sugar acid phosphate, is converted to ribul ose-5-phosphate,
a five-carbon sugar phosphate. This reaction involves the removal of a carbon dioxide
molecule along with the formation of NADPH. Ribulose-5-phosphate undergoes severa
metabolic conversions to yield fructose-6-phosphate. Fructose-6-phosphate can then be
converted back to glucose-6-phosphate by the enzyme glucose-6-phosphate isomerase and
the cyclerepeated. Thus, six completeturns of the cycle can result in the compl ete oxidation
of aglucose molecule.

Degpite the differences in the reaction sequences, the glycolytic pathway and the PPP
intermediates can interact with one another and share common intermediates. Intermediates
of boththe pathwaysarelocalized in plastidsaswell asthe cytoplasm, and intermediates can
betransferred acrossthe plastid membraneinto the cytoplasm and back into the chloropl ast.
Glucose-6-phosphate dehydrogenase is localized in the both chloroplast and cytoplasm.
Cytosolic glucose-6-phosphate dehydrogenase activity is strongly inhibited by NADPH.
Thus, the ratio of NADP to NADPH could be the regulatory control point for the enzyme
function. The chloroplastic enzymeisregulated differently through oxidation and reduction,
and related to the photosynthetic process. 6-Phosphogluconate dehydrogenase exists as
distinct cytosol- and plastid-localized isozymes.

PPP is akey metabolic pathway related to biosynthetic reactions, antioxidant enzyme
function, and general stresstolerance of thefruits. Ribose-5-phosphateisused in thebiosyn-
thesis of nucleic acids, and erythrose-4-phosphate is channel ed into phenyl propanoid path-
way leading to the biosynthesis of the amino acids phenylalanine and tryptophan. Pheny-
lalanine is the metabolic starting point for the biosynthesis of flavonoids and anthocyanins
in fruits. Glyceraldehyde-3-phosphate and pyruvate serve as the starting intermediates for
the isoprenoid pathway localized in the chloroplast. Accumulation of sugarsin fruits dur-
ing ripening has been related to the function of PPP. In mangoes, increase in the levels
of pentose sugars observed during ripening has been related to increased activity of PPP.
Increases in glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase
activities were observed during ripening of mango.

NADPH is a key component required for the proper functioning of the antioxidant en-
zyme system (Fig. 3.5). During growth, stress conditions, fruit ripening, and senescence,
free radicals are generated within the cell. Activated forms of oxygen, such as superoxide,
hydroxyl, and peroxy radicals can attack enzymes and proteins, nucleic acids, lipidsin the
biomembrane, etc., causing structural and functional alterations of these molecules. Under
most conditions, these are del eterious changes, which are nullified by the action of antiox-
idants and antioxidant enzymes. Simple antioxidants such as ascorbate and vitamin E can
scavenge the free radicals and protect the tissue. Anthocyanins and other polyphenols may
also serve as simple antioxidants. In addition, the antioxidant enzyme system involves the
integrated function of several enzymes. The key antioxidant enzymesare superoxide dismu-
tase (SOD), catalase, ascorbate peroxidase, and peroxidase. SOD converts superoxide into
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hydrogen peroxide. Hydrogen peroxide isimmediately acted upon by catalase, generating
water. Hydrogen peroxide can also be removed by the action of peroxidases. A peroxidase
usesthe oxidation of asubstrate molecule (usually having aphenol structure, C—OH, which
becomes a quinone, C=0, after the reaction) to react with hydrogen peroxide, converting
it to water. Hydrogen peroxide can also be acted upon by ascorbate peroxidase, which uses
ascorbate as the hydrogen donor for the reaction, resulting in water formation. The oxidized
ascorbate isregenerated by the action of aseries of enzymes (Fig. 3.5). Theseinclude mon-
odehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR). Dehy-
droascorbateis reduced to ascorbate using reduced glutathione (GSH) as a substrate, which
itself gets oxidized (GSSG) during this reaction. The oxidized glutathione is reduced back
to GSH by the activity of glutathione reductase using NADPH. Antioxidant enzymes exist
as severa functional isozymes with differing activities and kinetic properties in the same
tissue. These enzymes are also compartmentalized in chloroplast, mitochondria, and cyto-
plasm. The functioning of the antioxidant enzyme system is crucial to the maintenance of
fruit quality through preserving cellular structure and function (Meir and Bramlage, 1988;
Ahnetal., 1992).

3.3.2 Lipid metabolism

Among fruits, avocado and olive are the only fruits that significantly store reserves in
the form of lipid triglycerides. In avocado, triglycerides form the major part of the neu-
tral lipid fraction, which can account for nearly 95% of the total lipids. Paimitic (16:0),
palmitoleic (16:1), oleic (18:1), and linoleic (18:2) acids are the major fatty acids of
triglycerides. The oil content progressively increases during maturation of the fruit, and
the oils are compartmentalized in oil bodies or oleosomes. The biosynthesis of fatty acids
occurs in the plastids, and the fatty acids are exported into the endoplasmic reticulum
where they are esterified with glycerol-3-phosphate by the action of a number of enzymes
to form the triglyceride. The triglyceride-enriched regions then are believed to bud off
from the endoplasmic reticulum as the oil body. The oil body membranes are different
from other cellular membranes since they are made up of only a single layer of phos-
pholipids. The triglycerides are catabolized by the action of triacylglycerol lipases, which
release the fatty acids. The fatty acids are then broken down into acety CoA units through
B-oxidation.

Even though phospholipids constitute a small fraction of the lipidsin fruits, the degra-
dation of phospholipids is a key factor that controls the progression of senescence. As
in several senescing systems, there is a decline in phospholipids as the fruit undergoes
senescence. With the decline in phospholipids content, there is a progressive increase in
the levels of neutral lipids, primarily diacylglycerols, free fatty acids, and fatty aldehydes.
In addition, the levels of sterols may aso increase. Thus, there is an increase in the ra-
tio of sterol/phospholipids. Such changes in the composition of membrane can cause the
formation of gel-phase or nonbilayer lipid structures (micelles). These changes can make
the membranes leaky, thus resulting in the loss of compartmentalization, and ultimately,
senescence (Paliyath and Droillard, 1992).

Membrane lipid degradation occurs by the tandem action of several enzymes, one en-
zyme acting on the product released by the previous enzyme in the sequence. Phospholi-
pase D (PLD) isthefirst enzyme of the pathway, which initiates phospholipids catabolism,
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and is a key enzyme of the pathway (Fig. 3.6). Phospholipase D acts on phospholipids,
liberating phosphatidic acid and the respective headgroup (choline, ethanolamine, glyc-
erol, inositol). Phosphatidic acid in turn is acted upon by phosphatidate phosphatase, which
removes the phosphate group from phosphatidic acid, with the liberation of diacylglyc-
erols (diglycerides). The acyl chains of diacylglycerols are then deesterified by the enzyme
lipolytic acyl hydrolase, liberating free fatty acids. Unsaturated fatty acids with a cis-1,4-
pentadiene structure (linoleic acid, linolenic acid) are acted upon by lipoxygenase, causing
the peroxidation of fatty acids. This step may also cause the production of activated oxygen
species such as singlet oxygen, superoxide, and peroxy radicals. The peroxidation products
of linolenic acid can be 9-hydroperoxy linoleic acid or 13-hydroperoxy linoleic acid. The
hydroperoxylinoleic acids undergo cleavage by hydroperoxide lyase resulting in severa
products including hexanal, hexenal, and w-keto fatty acids (keto group toward the methyl
end of the molecule). For example, hydroperoxide lyase action on 13-hydroperoxylinolenic
acid results in the formation of cis-3-hexena and 12-keto-cis-9-dodecenoic acid. Hexanal
and hexenal areimportant fruit volatiles. The short-chain fatty acids may feed into catabolic
pathway (B-oxidation) that resultsin the formation of short-chain acyl CoAs, ranging from
acetyl CoA to dodecanoyl CoA. The short-chain acyl CoAsand al cohols (ethanal, propanol,
butanol, pentanol, hexanol, etc.) are esterified to form a variety of esters that constitute
components of flavor volatilesthat are characteristic to fruits. The free fatty acids and their
catabolites (fatty aldehydes, fatty alcohols, akanes, etc.) can accumulate in the membrane,
causing membrane destabilization (formation of gel-phase, nonbilayer structures, etc.). An
interesting regulatory feature of this pathway isthe very low substrate specifity of enzymes
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that act downstream from phospholipaseD, for the phospholipids. Thus, phosphatidate phos-
phatase, lipolytic acyl hydrolase, and lipoxygenase do not directly act on phospholipids,
though there are exceptionsto thisrule. Therefore, the degree of membranelipid catabolism
will be determined by the extent of activation of phospholipase D.

The membrane lipid catabolic pathway is considered as an autocatalytic pathway. The
destabilization of the membrane can cause the leakage of calcium and hydrogen ions from
the cell wall space, as well as the inhibition of calcium and proton ATPases, the enzymes
responsible for maintaining a physiological calcium and proton concentration within the
cytoplasm (cal cium concentration below micromolar range, pH in the 6-6.5 range). Under
conditions of normal growth and devel opment, these enzymes pump the extra calcium and
hydrogen ions that enter the cytoplasm from storage areas such as apoplast and the ER
lumen, in response to hormonal and environmental stimulation using ATP as the energy
source. The activities of calcium and proton ATPases localized on plasma membrane, en-
doplasmic reticulum, and the tonoplast are responsible for pumping the ions back into the
storage areas. In fruits (and other senescing systems), with the advancement in ripening and
senescence, thereis a progressive increase in leakage of calcium and hydrogen ions. Phos-
pholipase D is stimulated by low pH and calcium concentration over 10 uM. Thus, if the
cytosolic concentrations of theseions progressively increase during ripening or senescence,
the membranes are damaged as a consequence. However, thisis an inherent feature of the
ripening process in fruits, which results in the development of ideal organoleptic qualities
that makes them edible. The uncontrolled membrane deterioration can result in the loss of
shelf life and quality in fruits.

The properties and regulation of the membrane degradation pathway are increasingly
becoming clear. Enzymes such as phospholipase D (PLD) and lipoxygenase (LOX) arevery
well studied. There are severa isoforms of phospholipase D designated as PLD-«, PLD-8,
PLD-y, etc. The expression and activity levels of PLD-« are much higher than that of the
other PLD isoforms. Thus, PLD-« isconsidered as a housekeeping enzyme. The regulation
of PLD activity isan interesting feature. PLD isnormally a soluble enzyme. The secondary
structure of PLD shows the presence of a segment of around 130 amino acids at the N-
terminal end, designated asthe C2 domain. Thisdomainischaracteristic of several enzymes
and proteins that are integral components of the hormone signal transduction system. In
response to hormonal and environmental stimulation and the resulting increase in cytosolic
cal cium concentration, C2 domain bindscal ciumandtransports PL D to themembranewhere
it can initiate membrane lipid degradation. The precise relation between the stimulation of
the ethylene receptor and phospholipase D activation is not fully understood, but could
involve the release of calcium and migration of PLD to the membrane. PLD-« appear to
be the key enzyme responsible for the initiation of membrane lipid degradation in tomato
fruits. Antisense inhibition of PLD-« in tomato fruits resulted in the reduction of PLD
activity and, consequently, an improvement in the shelf life, firmness, soluble solids, and
lycopene content of the ripe fruits (Oke et a., 2003; Pinhero et a., 2003). There are other
phosphoalipid-degrading enzymes such as phospholipase C and phospholipase A,. Severa
roles of these enzymes in signal transduction processes have been extensively reviewed
(Wang, 2001; Meijer and Munnik, 2003).

Lipoxygenase exists as both soluble and membranousformsin tomato fruits(Todd et al .,
1990). Very little information is available on phosphatidate phosphatase and lipolytic acyl
hydrolase in fruits.
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3.3.3 Proteolysis and structure breakdown in chloroplasts

The major proteinaceous compartments in fruits are the chloroplasts that are distributed in
the epidermal and hypodermal layers of fruits. The chloroplasts are not very abundant in
fruits. During senescence, the chloroplast structureis gradually disassembled with adecline
in chlorophyll levels due to degradation and disorganization of the grana lamellar stacks
of the chloroplast. With the disorganization of the thylakoid, globular structures termed
as plastoglobuli accumulate within the chloroplast stroma and are rich in degraded lipids.
The degradation of chloroplasts and chlorophyll results in the unmasking of other colored
pigmentsand isaprelude to the state of ripening and devel opment of organoleptic qualities.
Mitochondria, which are also rich in protein, are relatively stable and undergo disassembly
during the latter part of ripening and senescence.

Chlorophyll degradation is initiated by the enzyme chlorophyllase that splits chloro-
phyll into chlorophyllide and the phytol chain. Phytol chain is made up of isoprenoid units
(methyl-1,3-butadiene) and its degradation products accumulate in the plastoglobuli. Fla-
vor components such as 6-methyl-5-heptene-2-one, a characteristic component of tomato
flavor, are also produced by the catabolism of phytol chain. The remova of magnesium
from chlorophyllide results in the formation of pheophorbide. Pheophorbide, which pos-
sesses a tetrapyrole structure, is converted to a straight-chain colorless tetrapyrrole by the
action of pheophorbide oxidase. Action of several other enzymesis necessary for the full
catabolism of chlorophyll. The protein complexes that organize the chlorophyll, the light-
harvesting complexes, are degraded by the action of several proteases. The enzymeribul ose-
bis-phosphate carboxylase/oxygenase (Rubisco), the key enzyme in photosynthetic carbon
fixation, is the most abundant protein in chloroplast. Rubisco levels also decline during
ripening/senescence due to proteolysis. The amino acids resulting from the catabolism of
proteins may be translocated to regions where they are needed for biosynthesis. In fruits,
they may just enrich the soluble fraction with amino acids.

3.4 Secondary plant products

Secondary plant products are regarded as metabolites that are derived from primary
metabolic intermediates through well-defined biosynthetic pathways. The importance of
the secondary plant products to the plant or organ in question may not readily be obvi-
ous, but these compounds appear to have a role in the interaction of the plant with the
environment. The secondary plant products may include nonprotein amino acids, aka-
loids, isoprenoid components (terpenes, carotenoids, etc.), flavonoids and anthocyanins,
ester volatiles, and several other organic compounds with diverse structure. The number
and types of secondary plant products are enormous, but, with the perspective of fruit qual-
ity, the important secondary plant products include isoprenoids, anthocyanins, and ester
volatiles.

3.4.1 Isoprenoid biosynthesis

In general, isoprenocids possess a basic five-carbon skeleton in the form of 2-methyl-1,
3-butadiene (isoprene), which undergoes condensation to form larger molecules. There are
two distinct pathways for the formation of isoprenoids: the acetate/mevalonate pathway
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(Bach et al., 1999) localized in the cytosol and the DOXP pathway (Rohmer pathway;
Rohmer et a., 1993) localized in the chloroplast (Fig. 3.7). The metabolic precursor for the
acetate/meval onate pathway isacetyl coenzymeA. Through the condensation of three acetyl
CoA molecules, akey component of the pathway, 3-hydroxy-3-methyl-glutaryl CoA (HMG
CoA), is generated. HMG-CoA undergoes reduction in the presence of NADPH mediated
by the key regulatory enzyme of the pathway HM G CoA reductase (HMGR) to form meval -
onate. Mevalonate undergoes a two-step phosphorylation in the presence of ATP, mediated
by kinases, to form isopentenyl pyrophosphate (1PP), the basic five-carbon condensational
unit of several terpenes. IPP is isomerized to dimethylallylpyrophosphate (DMAPP) me-
diated by the enzyme IPP isomerase. Condensation of these two components resultsin the
synthesis of C10 (geranyl), C15 (farnesyl), and C20 (geranylgeranyl) pyrophosphates. The
C10 pyrophosphates give rise to monoterpenes, C15 pyrophosphates give rise to sesquiter-
penes, and C20 pyrophosphates give rise to diterpenes. Monoterpenes are mgjor volatile
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components of fruits. In citrusfruits, these include components such aslimonene, myrcene,
and pinene occurring in various proportions. Derivatives of monoterpenes such as geranial,
neral (aldehydes), geraniol, linalool, terpineol (alcohols), geranyl acetate, and neryl acetate
(esters) are also ingredients of the volatiles of citrus fruits. Citrus fruits are especialy rich
in monoterpenes and derivatives. «-Farnesene is a major sesquiterpene (C15) component
evolved by apples. The catabolism of «-farnesene in the presence of oxygen into oxidized
forms has been implicated as a causative feature in the development of the physiological
disorder superficia scald (atype of superficia browning) in certain varieties of apples such
asred Delicious, Mclntosh, and Cortland (Rupasinghe et al., 2000, 2003).

HMGR is ahighly conserved enzyme in plants and is encoded by a multigene family
(Lichtenthaler etal., 1997). TheHMGR genes(hmgl, hmg2, hmg3, etc.) arenuclear encoded
and can be differentiated from each other by the sequence differences at the 3'-untranslated
regionsof thecDNASs. Therearethreedistinct genesfor HMGR intomato, and twoin apples.
Thedifferent HMGR end products may be localized in different cellular compartments and
are synthesized differentially in response to hormones, environmental signals, pathogen
infection, etc. In tomato fruits, the level of hmgl expression is high during early stage
of fruit development when cell division and expansion processes are rapid and require
high levels of sterols for incorporation into the expanding membrane compartments. The
expression of img?2, which isnot detectable in young fruits, increases during the latter part
of fruit maturation and ripening.

HMGR activity can be detected in both membranous and cytosolic fractions of apple
fruit skin tissue extract. HMGR is a membrane-localized enzyme, and the activity is de-
tectable in the endoplasmic reticulum, plastid, and mitochondrial membranes. It is likely
that HMGR may have undergone proteolytic cleavage, releasing a fragment into the cy-
tosol, which also possesses enzyme activity. There is a considerable degree of interaction
between the different enzymes responsible for the biosynthesis of isoprenoids, which may
exist as multienzyme complexes referred to as metabolons. The enzyme farnesyl pyrophos-
phate synthase, responsible for the synthesis of farnesyl pyrophosphate, is a cytosolic en-
zyme. Similarly, farnesene synthase, the enzyme that converts farnesyl pyrophosphate to
a-farnesene in apples, is a cytosolic enzyme. Thus, several enzymes may act in concert at
the cytoplasm/endoplasmic reticulum boundary to synthesize isoprenoids.

HMG CoA reductase expression and activities in apple fruits are hormonally regulated
(Rupasinghe et al., 2001, 2003). There are two genes for HMGR in apples designated as
hmgl and hmg2, which are differentially expressed during storage. The expression of 4mg1
was constitutive and the transcripts (MRNA) were present throughout the storage period. By
contrast, the expression of ~mg2 increased during storagein parallel with the accumulation
of a-farnesene. Ethylene production also increased during storage. Ethylene stimulates
the biosynthesis of «-farnesene as evident from the inhibition of «-farnesene biosynthesis
and the expression of #mg?2 by the ethylene action inhibitor 1-methylcyclopropene. Thus,
biosynthesis of isoprenoidsis a highly controlled process.

Carotenoids, which are major isoprenoid components of chloroplasts, are biosyn-
thesized through the Rohmer pathway. The precursors of this pathway are pyruvate
and glyceraldehyde-3-phosphate, and through a number of enzymatic steps, 1-deoxy-
D-xylulose-5-phosphate (DOXP), a key metabolite of the pathway is formed. NADPH-
mediated reduction of DOXP leads ultimately to the formation of 1PP. Subsegquent conden-
sations of 1PP and DMAPP are similar asin the classical mevalonate pathway. Carotenoids
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have a stahilizing role in the photosynthetic reactions. By virtue of their structure, they
can accept and stabilize excess energy absorbed by the light-harvesting complex. Dur-
ing the early stages of fruit development, the carotenoids have primarily photosynthetic
function. Asthe fruit ripens, the composition of carotenoids changes to reveal the colored
xanthophylls pigments. In tomato, lycopene is the major carotenoid pigment that accumu-
lates during ripening. Lycopene is an intermediate of the carotene biosynthetic pathway. In
young fruits, lycopene formed by the condensation of two geranylgeranyl pyrophosphate
(C20) moieties, mediated by the enzyme phytoene synthase, is converted to g-carotene
by the action of the enzyme sesquiterpene cyclase. However, as ripening proceeds, the
levels and activity of sesquiterpene cyclase are reduced, leading to the accumulation of
lycopene in the stroma. This leads to the development of red color in ripe tomato fruits.
In yellow tomatoes, the carotene biosynthesis is not inhibited, and as the fruit ripens, the
chlorophyll pigments are degraded exposing the yellow carotenoids. Carotenoids are also
major components that contribute to the color of melons. g-Carotene is the major pigment
in melons with an orange flesh. In addition, the contribution to color is aso provided by
a-carotene, §-carotene, phytofluene, phytoene, lutein, and violaxanthin. In red-fleshed mel-
ons, lycopeneisthe major ingredient, whereas in yellow-fleshed melons, xanthophylls and
B-carotene predominate. Carotenoids provide not only a variety of color to the fruits, but
are also important nutritional ingredientsin human diet. 8-Caroteneis converted to vitamin
A in the human body and thus serves as a precursor to vitamin A. Carotenoids are strong
antioxidants. Lycopene is observed to provide protection from cardiovascular diseases and
cancer (Giovanucci, 1999). Lutein, a xanthophyll, has been proposed to play a protective
role in the retina, maintaining the vision.

3.4.2 Anthocyanin biosynthesis

The development of color is a characteristic feature of the ripening process, and in several
fruits, the color components are anthocyanins biosynthesized from metabolic precursors.
The anthocyanins accumulate in the vacuole of the cell and are often abundant in the cells
closer to the surface of the fruit. Anthocyanin biosynthesis starts by the condensation of
three molecules of malonyl CoA with p-coumaroyl CoA to form tetrahydroxychalcone,
mediated by the enzyme chal cone synthase (Fig. 3.8). Tetrahydroxychalcone has the basic
flavonoid structure C6-C3—-C6, with two phenyl groups separated by a three-carbon link.
Chalcone isomerase enables the ring closure of chalcone leading to the formation of the
flavanone naringenin that possesses a flavonoid structure having two phenyl groups linked
together by a heterocyclic ring (Fig. 3.9). The phenyl groups are designated as A and B,
and the heterocyclic ring is designated as ring C. Subsequent conversions of naringenin
by flavonol hydroxylases result in the formation of dihydrokaempferol, dihydromyricetin,
and dihydroquercetin, which differ in their number of hydroxyl moieties. Dihydroflavonol
reductase convertsthe dihydroflavonol sinto the col orless anthocyanidin compounds leuco-
cyanidin, leucopelargonidin, and leucodel phinidin. Removal of hydrogensand theinduction
of unsaturation of the C ring at C2 and C3, mediated by anthocyanin synthase, resultsin
theformation of cyanidin, pelargonidin, and delphinidin, the colored compounds (Fig. 3.9).
Glycosylation, methylation, coumaroylation, and a variety of other additions of the antho-
cyanidins result in color stabilization of the diverse types of anthocyanins seen in fruits.
Pelargonidins give orange, pink, and red color, cyanidins provide magenta and crimson
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coloration, and delphinidins provide the purple, mauve, and blue color characteristic to
severa fruits. The color characteristics of fruits may result from a combination of several
forms of anthocyanins existing together, as well asthe conditions of pH and ions present in
the vacuole.

Anthocyanin pigments cause the diverse coloration of grape cultivars resulting in skin
colors varying from translucent, red, and black. All the forms of anthocyanins, along with
those with modifications of the hydroxyl groups, are routinely present in the red and dark
varieties of grapes. A glucose moiety is attached at the 3 and 5 positions or at both in
most grape anthocyanins. The glycosylation pattern can vary between the European (Vitis
vinifera) and North American (Vitis labrusca) grape varieties. Anthocyanin accumulation
occurs toward the end of ripening, and is highly influenced by sugar levels, light, tem-
perature, ethylene, and increased metabolite translocation from leaves to fruits. All these
factors positively influence the anthocyanin levels. Most of the anthocyanin accumulation
may be limited to epidermal cell layers and a few of the subepidermal cells. In certain
high-anthocyanin-containing varieties, even the interior cells of the fruit may possess high
levels of anthocyanins. In the red wine varieties such as merlot, pinot noir, and cabernet
sauvignon, anthocyanin content may vary between 1,500 and 3,000 mg/kg fresh weight.
In some high-anthocyanin-containing varieties such as Vincent, Lomanto, and Colobel, the
anthocyanin levels can exceed 9,000 mg/kg fresh weight. Anthocyanins are very strong
antioxidants and are known to provide protection from the development of cardiovascular
diseases and cancer.

Many fruits have a tart taste during early stage of development, which is termed as
astringency, and is characteristic to fruits such as banana, kiwi, and grape. The astringency
isdueto the presence of tanninsand several other phenolic componentsin fruits. Tanninsare
polymers of flavonoids such as catechin and epicatechin, phenolic acids (caffeoyl tartaric
acid, coumaroyl tartaric acid, etc.). The contentsof tanninsdecrease during ripening, making
the fruit palatable.

3.4.3 Ester volatile biosynthesis

The sweet aroma characteristic to several ripe fruits are due to the evolution of several
types of volatile components that include monoterpenes, esters, organic acids, aldehydes,
ketones, alkanes, etc. Some of theseingredients specifically providethearomacharacteristic
to fruitsand are referred to as character impact compounds. For instance, the banana flavor
is predominantly from isoamyl acetate, apple flavor from ethyl-2-methyl butyrate, and the
flavor of lime is primarily due to the monoterpene limonene. As the name implies, ester
volatiles are formed from an alcohol and an organic acid through the formation of an ester
linkage. Theal coholsand acidsare, in general, productsof lipid catabolism. Severa volatiles
are esterified with ethanol giving rise to ethyl derivatives of aliphatic acids (ethyl acetate,
ethyl butyrate, etc.).

The ester volatiles are formed by the activity of the enzyme acyl CoA: acohol acyl-
transferase or generally called as alcoholacyltransferase. In apple fruits, the major aroma
components are ester volatiles (Paliyath et a., 1997). The acohol can vary from ethanol,
propanol, butanol, pentanol, hexanol, etc. The organic acid moiety containing the CoA
group can vary in chain length from C2 (acetyl) to C12 (dodecanoyl). Alcoholacyltrans-
ferase activity has been identified in several fruits that include banana, strawberry, melon,
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apple, etc. In banana, esters are the predominant volatiles enriched with esters such as ac-
etates and butyrates. The flavor may result from the combined perception of amyl esters
and butyl esters. Volatile production increases during ripening. The componentsfor volatile
biosynthesis may arise from amino acidsand fatty acids. In melons, the vol atile components
compriseesters, aldehydes, alcohals, terpenes, and lactones. Hexy! acetate, isoamy| acetate,
and octyl acetate are the major aiphatic esters. Benzy!l acetate, phenyl propyl acetate, and
phenyl ethyl acetate are also observed. The aldehydes, alcohols, terpenes, and lactones are
minor components in melons. In mango fruits, the characteristic aroma of each variety is
based on the composition of volatiles. Thevariety “Baladi” is characterized by the presence
of high levels of limonene, other monoterpenes and sesquiterpenes, and ethyl esters of even
numbered fatty acids. By contrast, the variety “Alphonso” is characterized by high levels
of C6 aldehydes and alcohols (hexanal, hexanol) that may indicate a high level of fatty
acid peroxidation in ripe fruits. C6 aldehydes are mgjor flavor components of tomato fruits
asweéll. In genetically transformed tomatoes (antisense phospholipase D), the evolution of
pentanal and hexenal/hexana was much higher after blending, suggesting the preservation
of fatty acidsin ripe fruits. Preserving the integrity of the membrane during ripening could
help preserve the fatty acidsthat contribute to the flavor profile of the fruits, and thisfeature
may provide a better flavor profile for fruits.

General reading
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Chapter 4

Biochemistry of Flower Senescence

Ajay Arora

4.1 Introduction

It is often opined that death and taxes are the only two inescapable aspects of the human
existence, but Ernest Hemingway correctly noted that “the sun alsorises.” Plant senescence
isthefinal event in the growth and development of a plant and ultimately leads to the death
of a particular organ or whole plant. The senescence in plants is highly regulated, genet-
ically programmed, and developmentally controlled process. This phenomenon involves
structural, biochemical, and molecular changes that in many cases bear the hallmarks of
programmed cell death. Plant hormones and environmental factors play an important reg-
ulatory role in senescence. Flower senescence has been described as the last stage of floral
development, although in the life cycle of most plant species, it is not afinal event, rather
anintegral processthat allowsthe removal of ametabolically costly tissue (i.e., petal), after
it has attracted pollinators for sexual reproduction, and signalsthe initiation of ovule devel-
opment and seed production. At the end of their life, petals may wilt, lose color or abscise,
or in some cases, remain on the flower stem, encasing and protecting the devel oping ovary.
It isan actively ordered process that involves the synthesis of new RNAs and proteins and
results in highly coordinated changes in metabolism and the programmed disassembly of
cells.

All cut flowers are destined to die, and the challenge for postharvest researchersis to
slow the processes controlling flower death to enable cut flowers to reach distant markets
with adisplay life. Postharvest performance of cut flowersis affected by the developmental
stage of aflower at harvest, prosenescence signal sthat originate from specific tissueswithin
the flower (e.g., pollination-induced petal senescence), and stress-related metabolism (in
response to temperature, wounding, nutrient starvation). Cut flower stems are removed
from a source of nutrients, undergo water restrictions, and may be held at undesirable
temperatures in the dark for days prior to sale. Plant hormones, membrane stability, water
availability, cellular proteolysis, and carbohydrate metabolism act in concert to determine
the differential rate of senescence for each floral organ. Currently, flowers can be grouped
into several categories based on postharvest technologies that can extend their vase life
(e.g., sensitivity to ethylene, chilling sensitivity, leafy stems, multiple/single flowers per
stem, and woody stems).

Flower petals are ideal tissues for cell death studies asthey are short lived, thetissueis
relatively homogenous, chemical manipulation can be applied without substantial wound-
ing (i.e., feeding through the vascul ar tissue), and the process of flower senescence has been
shown to be a genetically programmed event (Xu and Hanson, 2000; Eason et al., 2002;
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Hoeberichts et al., 2005). A great deal of recent research in this area has led to review and
reevaluation of senescence and cell death in plant tissues (Rubinstein, 2000; Thomaset a.,
2003; van Doorn and Woltering, 2004). To date, most genetic analyses of floral senescence
have focused on changes that occur in mature flowers just prior to wilting or color change.
However, senescence of one floral organ (e.g., petal) is part of a developmental continuum
in the flower, preceded by tissue differentiation, growth and maturation of the petal, fol-
lowed by growth and development of seeds, and co-coordinated by plant hormones. Cell
death processes are thought to be regulated by anti- and pro-death proteins, which may be
expressed throughout the life of the flower, providing for the most part a highly regulated
homeostatic balance. Future genetic analyses of floral senescence are likely to identify the
proteins that function to maintain anonsenescent “youthful” state, and the “ prosenescence”
proteins which function to progress cell death. The past decade has seen increasingly rapid
isolation and identification of senescence-associated genes from cut flower crops, with a
somewhat slower movement toward understanding the function and significance of the
gene products. Genome-wide searches for regulatory flower senescence genes have now
been made in a number of flower species, for example, Aistroemeria (Breeze et al., 2004),
carnation (Verlinden et al., 2002), chrysanthemum (Narumi et al., 2005), daffodil (Hunter
et al., 2002), daylily (Panavas et al., 1999), rose (Channeliere et al., 2002), Iris (van Doorn
et al., 2003), Sandersonia (Eason et a., 2002), and petunia (Jones et a., 2005). Character-
izing generic patterns of gene expression has identified common processes that are linked
with the progression of flower senescence (e.g., ethylene signaling and proteolysis). This
approach will also be useful in identifying the order of molecular changes associated with
flower senescence, thereby enabling researchers to accurately study cause and effect. This
chapter focuses on molecular and genetic research published within the last one decade that
hasincreased our understanding of the processesinvolved in or regul ating flower senescence
(e.g., ethylene, water quality, cytokinin, sugar, proteolysis, membranes, and cell walls), and
its significance to the postharvest industry.

4.2 Petal senescence

In petals of cut flowers undergoing senescence, protein content falls, protease activity
increases, lipid fluidity inthe membranes declines, and respiration rateincreases (van Doorn
and Stead, 1997). Senescing carnation flowers exhibit a climacteric-like rise in ethylene
production, and exposure of carnation flowers to exogenous ethylene induces in-rolling
of petals, triggering ethylene synthesis, and inducing chemical and physical changes in
microsomal membrane lipids of senescing petals (Bartoli et a., 1996). In chrysanthemum,
which is nonclimacteric, ethylene does not play a role in flower senescence, with only
minor changes in protein content and the proportion of major polypeptides, explaining the
long postharvest life of chrysanthemum. Conditions inhibiting the action of that is by the
supply of silver salt, sodium benzoate or boric acid, or the synthesis of ethylene, that is
by the supply of aminooxyacetic acid (AOA), prolong the vase life of carnations (Serrano
et al., 2001); an invertase inhibitor, apparently synthesized in wilting petals of a number of
flowers (Ipomoea, astroemeria, carnation, dahlia, gladiolus, petunia, and rose), affects the
senescence of petals by blocking sucrose hydrolysisto glucose and fructosein the senescing
tissue, which may control the translocation of sucrose from wilted petals to other organs
of the flower. Petal abscission in rose petals is not affected by the water status unless the
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plants reach a low water potential early on during vase life, neither inhibited by low light
intensity nor affected by the Pr/Pfr ratio (van Doorn and Vojinovic, 1996).

4.3 Ethylene and flower senescence

Traditionally, flowers (like fruits) are categorized as being climacteric or nonclimacteric.
In climacteric or ethylene-sensitive flowers such as carnations, Petunia, Gypsophila, and
orchids, senescence is accompanied by a sudden, transient increase in ethylene produc-
tion and respiration, while treatment of nonsenescent flowerswith ethylenerapidly induces
petal senescence. In nonclimacteric flowers such as gladiolus, tulip, and iris, generally, no
increases in ethylene production and respiration are apparent during flower senescence,
and exogenous ethylene has little or no effect on petal senescence. In these latter species,
ethylene may, however, have severe effects on other plant parts such as bulbs or corms
(Kamerbeek and De Munk, 1976). Knowledge about ethylene sensitivity of flower species
is necessary to predict the effects of, for example, mixed storage and transport of flowers
with fruit species, to predict the useful ness of antiethylene treatments and to direct breeding
programs toward a better flower vase life. With respect to petal senescence, sensitivity to
ethylene was found to be roughly determined at the plant family level. High sensitivity
is found in, for example, Campanulaceae, Caryophyllaceae, Geraniaceae, Labiatae, Mal-
vaceae, Orchidaceae, Primulaceae, Ranuncul aceae, and Rosaceae species; low sensitivity is
found in Compositae and Iridacae species and in most of the Amaryllidaceae and Liliaceae
species. Sensitivity of species within one plant family is generally comparable (Woltering
and van Doorn, 1988). Asarule of thumb, this classification is satisfactory, although there
are notable exceptions.

In flowers where petal senescence isindependent of ethylene (e.g., in many ephemeral
flowers, in short-lived flowers from, e.g., Iridaceae and Liliaceae plant families, and in
long-lived flowers of Compositae family), other aspects of flower development such as
flower opening, ovary development, or pedicel elongation may be responsive to ethylene.
Asan example, petal senescenceinirisflowersisvirtually insensitiveto ethylene; however,
treatment with very low concentrations of ethylene may seriously inhibit flower opening
as aresult of ethylene-induced growth inhibition of the flower pedicel. Depending on the
species, ethylene, either applied or endogenously produced, may induce various processes
(Woltering and van Doorn, 1988). In many flowers, ethylene hastens senescence of petals
that initially stay attached to the flower. This type of senescence is found in, for example,
Orchidaceae (Cymbidium, Dendrobium), Campanulaceae (Campanula, Trachelium), and
Caryophyllacese (Dianthus, Gypsophila). In other flowers, ethylene may induce abscission
of fully turgescent, nonsenescent petals or of whole corollas. Thistype of effectisfoundin,
for example, Geraniaceae (Geranium), Ranunculaceae (Aconitum, Delphinium), Rosaceae
(Rosa, Potentilla), and Scrophulariaceae (Antirrhinum, Veronica). In contrast to petal senes-
cence, which is also found in ethylene insensitive species, ethylene insensitive abscission
of petals seems extremely rare in plant kingdom (Sexton et al., 2000).

Apart from these effects of ethylene on petal senescence and petal abscission, ethylene
may also stimulate abscission of whole flowers and flower buds as in Hibiscus, Begonia,
Clerodendron, Fuchsia, and Agapanthus, or may stimulate abscission of whole inflores-
cences (Beloperone, Pachystachus) (Woltering, 1987). Strikingly, in flowers with a rel-
atively long life, ethylene has evolved as a trigger of senescence or abscission. In such
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flowers, pollination often triggers an increase in ethylene production and subsequent rapid
senescence and it has been suggested that ethylene may have evolved as a mechanism to
terminate flower life after successful pollination as away to benefit survival of the species
(van Doorn, 2001). In ephemeral and short-lived flower species, such a mechanism appar-
ently isnot beneficial asthelifeof individual flowersisvery short. Similarly, in Compositae
species, with numerous flowers in one flower head, continuous visits of pollinators are re-
quired to fertilize all individual flowers and the senescence of pollinated flowers would not
be beneficial.

Although ethylene sensitivity is roughly fixed at the plant family level, still marked
differences may exist between species and cultivars within one family. Several carnation
cultivars (e.g., Chinera, Epomeo, and Ginevra) derived from crosses involving a long-life
noncommercial breeding line have been described with reduced ethylene sensitivity com-
pared to the cultivar White Sim. The vase life of these cultivars was negatively correlated
with their ethylene sensitivity (van Doorn et a., 1993). Basic properties of ethylene re-
ceptors (number and affinity) were thought to be similar in cultivars Chinera and White
Sim (Woltering et al., 1993). The reduced response of cultivar Chinera to ethylene was
thought to be regulated at a point beyond the receptor. In other carnation cultivars (Sandra,
Sandrosa), the prolonged vase life was rel ated to adecreased activity of the ethylene biosyn-
thetic pathway and not to reduced ethylene sensitivity (Mayak and Tirosh, 1993). Also, other
carnation cultivars with either along vase life or decreased ethylene sensitivity have also
been described (Brandt and Woodson, 1992). Recently, another cultivar with along vase
life (White Candle) was described (Nukui et al., 2004). This cultivar showed decreased
expression of ACC-synthase genes and repressed ethylene production in the gynoecium but
showed anormal response to exogenous ethylene. In another specieswithin the Caryophyl-
laceae, Dianthus barbatus, different genetic lines with greatly reduced ethylene sensitivity
were described (Friedman et al., 2001). Also in roses, marked differences in ethylene sen-
sitivity exist between varieties. In some cultivars, petals show marked growth variations
in response to ethylene (Reid et al., 1989), whereas in other cultivars this effect is absent.
In addition, in miniature potted roses, a range of ethylene sensitivities was found from
amost insensitive to highly sensitive (Muller et a., 1998). The above examples clearly
underline that the distinction between ethylene sensitive and insensitive senescence needs
to be handled with care. On the one hand, ethylene-insensitive flowers may show effects of
ethylene in processes other than petal senescence or abscission, while on the other hand,
considerable cultivar variation may exist so that cultivars of agiven species may range from
insensitiveto very sensitive. Controlling ethylene effectsthrough interference with ethylene
perception may therefore be very beneficial in avariety of cases, both in ethylene-sensitive
and ethylene-insensitive flowers.

As said earlier, ethylene plays a crucial role in the senescence of “ethylene-sensitive”
flowers, coordinating senescence pathwaysand regul ating floral abscission. Compatiblepol-
lination triggers a series of postpollination events, including ovary growth, floral collapse
(wilting, abscission), and petal color changethat are regulated by tissue-specific production
and sensitivity of ethylene (O’ Neill, 1997). Antiethylene treatments are common place in
postharvest chains owing to the well-known damage and decay that free ethylene promotes
inhorticultura produce. The biosynthetic pathway for ethylene has been fully elucidated in
higher plants, and plants with mutations that affect the perception or signal transduction of
ethylene (namely, Arabidopsis and tomato) have been used to define the ethylene signaling



BIOCHEMISTRY OF FLOWER SENESCENCE 55

cascade (Arora, 2005; Chen et al., 2005). Genes that control ethylene production, ethylene
sensitivity and genes that are affected by the presence of ethylene have been identified in
cut flowers (Kosugi et al., 2000; Muller et a., 2002; Verlinden et al., 2002; Shibuyaet a.,
2004; lordachescu and Verlinden, 2005). Chemical inhibitors have been used to study
biosynthesis of ethylene and ethylene activity; AVG (aminoethoxyvinylglycine) and ACA
(aminooxyacetic acid) inhibit ethylene biosynthesis;, STS (silver thiosulfate), NBD (2,5
norbornadiene), and 1-M CP (1-methy! cyclopropene) bind and block the ethylene receptor.
Currently, the vase life of carnation flowers can be extended by treating cut stems with
inhibitors of ethylene biosynthesis (e.g., AOA), ethylene response or receptor inhibitors
(eg., STS, 1-MCP), and high temperature (Verlinden and Woodson, 1998) (a treatment
normally exclusive to disinfestation procedures has also been shown to improve the vase
life of carnations by reducing ethylene activity). Although these chemical treatments are
effective at delaying postharvest senescence, comparative analyses of the senescence of
transgenic and wild-type carnations showed that genetic modification for ethylene insensi-
tivity was more effective than chemical treatment for vaselife extension (Bovy et al., 1999).
In recent years, petunia has proved to be an ideal model system for studying the regulation
of postharvest flower senescence. The plants have arelatively short regeneration cycle and
can be grown year-round and manipulated by pruning to produce multiple floral buds per
plant for postharvest experiments. Petunia flower senescence is sensitive to ethylene and
induced following pollination, although emascul ated flowers are often used for postharvest
experiments (Jones et a., 2005). The development and senescence of individual flowers
have been fully characterized for this purpose (Xu and Hanson, 2000). It has been possible
to study the ethylene-insensitive regulatory pathways in petunia flowers using plants that
are genetically modified for insensitivity to ethylene (Wilkinson et al., 1997). Compara-
tive analysis of flower senescence in ethylene-insensitive and wild-type petunia plants has
shownthat ethylenedifferentially regulatesindividual cysteine protease genesduring flower
senescence, supporting the hypothesis that senescence-induced gene expression in petals
occurs via ethylene-dependent and -independent signaling pathways (Jones et al., 2005).
Horticultural performance of transgeni ¢ ethylene-insensitive petuniashas provided valuable
information about other devel opmental programsthat ethylene regulates, highlighting those
that may hinder the exploitation of ethylene-insensitive cut flower crops in the future, for
exmaple, poor rooting (Clark et al., 1999) and lower disease resistance (Shaw et al., 2002).
Ethylene is perceived by plants when it binds a membrane-localized protein known as a
receptor and is activated upon binding of ethylene and transmits the ethylene signal through
a series of steps (Stepanova and Alonso, 2005). Subsequent activation of a transcription
factors leads to induction of ethylene-responsive genes. Knowledge of ethylene receptors
has advanced our understanding of how ethylene inhibitors (such as cyclopropenes) func-
tion. Cyclopropenes (gaseous ethylene receptor inhibitors) inactivate ethylene receptors
by binding to, and excluding ethylene from the binding site. When the ethylene receptors
of cut flowers are blocked with 1-MCP, 1-hexylcyclopropene or 1-octylcyclopropene, the
flowers have extended vase lives, as they cannot perceive ethylene (Kebenei et a., 2003).
The effectiveness of these compounds in delaying the onset of senescence in cut flowers
isrelated to the number and turnover rate of ethylene receptors and the concentration and
stability of the gaseous inhibitors. 1-MCP (SmartFresh, AgroFresh Inc., PA) is now com-
mercially available as a replacement for silver thiosulfate in the floriculture industry, and
sustained-rel ease systems are being developed (Macnish et al., 2004).
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Gladiolusisan ethylene-insensitive flower. Exogenous ethylene and ethyleneinhibitors
have no effect on the petal senescence process. To study which processes in gladiolus
are associated with changes in ethylene perception, two types of gladiolus genes, named
GgERSIa and GgERS1b, respectively, homologous to the Arabidopsis ethylene receptor
gene ERS1 were isolated by Arora et a. (2006). GgERS1ais conserved in terms of exon
numbers and intron positions, whereas GgERSI1b is ailmost same with GgERS1a except
lacking a 636-nucleotide frame encoding the first and second histidine kinase (HisKA)
motifs. The sequence data on full length genomic DNA indicated that both GgERS1a and
GgERS1b were spliced from different genomic DNA. As the result of mRNA expression
study, in spiteof lacking thetwo significant motifs, the expression of GQERS1b dramatically
changed with advance in petal senescence, whereas the level of GgERS1a was expressed
highly and constitutively. The result suggests that both the genes possess a significant role
for the subfunctionalization process to provide ethylene insensitivity in gladiolus flowers
(Aroraet al., 2006).

Nitric oxide (NO) gasisal so effectivein extending the postharvest life of flowersthrough
modul ating endogenous ethylene activity (Badiyan et a., 2004). The gaseous nature of NO,
however, requires postharvest infrastructures that may not always be readily available, and
thereforethetreatment will beless suitablethan liquid-pulsing solutions. To thisend, an NO
donor compound (DETA/NO) applied in the vase water has been used to extend the vase
life of flowers. The effectiveness of DETA/NO across ethylene-sensitive and -insensitive
flowers suggests that it may have significant commercial application in the future (Badiyan
et a., 2004). The mode of action of NO in delaying the onset of flower senescence has yet
to be studied at the molecular level.

An experiment was conducted to study the effect of 5-sulfosalicylic acid (5-SSA) on
the vase life of cut flowers of gladiolus (Ezhilmathi et al., 2007). The vase solution having
5-SSA significantly increased cumulative uptake of vase solution, vase life, number of
opened florets, and decreased the number of unopened florets compared to the controls.
Spikes kept in vase solution containing 5-SSA also exhibited lower respiration rates, lipid
peroxidation, and lipoxygenase activity, and higher membrane stability, soluble protein
concentration, and activity of superoxidedismutase and catal ase. Resultssuggest that 5-SSA
increases vase life by increasing the reactive oxygen species-scavenging activity of the
gladiolus cut flowers.

4.4 Ethylene action and methods for inhibiting ethylene responses

A range of methods are available for preventing the deteriorative effect of ethylene on
postharvest characteristics of ornamental crops. Interfering with the plant’s response to
ethylenecanin principlebeachieved by (1) inhibition of theplant’sown ethylene production;
(2) blocking the binding of ethyleneto its receptor; and (3) by blocking the plant’s reaction
to the binding of ethylene to the receptor.

Interference with the biosynthesis of ethylene in ornamental plants can be achieved by
blocking components of the ethylene synthesis pathway. During many years, several chem-
icals have successfully been used by the floral industry. AV G (1-aminoethoxyvinylglicine)
and AOA (aminooxyacetic acid), bothinhibitorsof the conversion of S-adenosyl-methionine
(SAM) to 1-aminocyclopropane-1-carboxylic acid (ACC) have been shown effective in
blocking the increase in ethylene production that accompanies senescence in a variety of
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ethylene-sensitive flowers, and a number of commercial products based on these chem-
icals for treatment of carnation and orchid flowers have entered the market (Son et al.,
1994; Woltering and Harkema, 1994). However, blocking ethylene effects at the receptor
level is more effective as it will protect against both endogenous and exogenous ethylenes
(Serek and Reid, 1993). Severa ethylene antagonists have been discovered during the last
30 years, and some of them have successfully been used by the floral industry to block
ethylene responses. Another approach to interfere with ethylene is the use of molecular
breeding techniques, in which ethylene responses are modified in transgenic plants. Central
in the synthesis of ethylene in plants are two enzymes: 1-aminocyclopropane-1-carboxylic
acid (ACC) synthase (ACS) and ACC oxidase (ACO), formerly known as ethylene-forming
enzyme (EFE) (Kende, 1993). The production of ethylene is autocatalytic in many plants,
meaning that the presence of ethylene in the atmosphere or in the plant tissue causes a
positive feedback, leading to arise in the production of the hormone. The key protein re-
sponsible for the reactions to ethylene is the ethylene receptor, which consists of afamily
of membrane-embedded proteins that bind ethylene. In Arabidopsis, five members of this
family have been identified: ETR1, ETR2, ERS1, ERS2, and EIN4. The first receptor to
be identified was ETR1 (Chang et al., 1993), and homologs to this and some of the other
proteins have been found in a number of other plants. Later work by Chang and others
have elucidated the function of this receptor, aswell as other proteinsinvolved in the ethy-
lene response pathway. These results can be summarized as follows: the ethylene signaling
pathway isinitiated by afamily of membrane-embedded proteins (receptors) leading viaa
signal transduction cascade to altered gene expression patterns. The ethylene receptors are
thought to exist as dimers that belong to the so-called two component histidine kinase re-
ceptor family. The receptors are negative regulators of ethylene responses, which mean that
ethylene binding represses receptor signaling. When ethylene is not present, the receptor
activates aprotein called CTR1. CTR1 is a serine/threonine kinase and is presumably part
of amitogen-activated protein kinase signaling cascade, a highly conserved signaling route
known to regulate a variety of cellular processes in different organisms. In the absence of
ethylene, CTR1 isactive and repressesfurther signaling; when ethyleneis present and binds
tothereceptor, thishinding presumably induces aconformational changeresultingininacti-
vation of CTR1, thereby releasing the repression on the signal transduction chain leading to
the activation of transcription factors and the genes responsible for ethylene effects (Chang,
2003). For any reason the receptor is not capable of binding ethylene, CTR1 will be active
and the signaling cascade will be repressed. ETR1 wasfirst identified in Arabidopsis by its
dominant mutant, called etrl1-1 that does not show the normal triple response of seedlingsto
ethylene (Chang et a ., 1993). It has been shown that this mutant protein does not bind ethy-
lene (Hall et al., 1999). The dominant nature of this mutant can be understood considering
that the different receptors feed into the same signaling cascade. The presence of one type
of actively signaling receptor and, hence, activated CTR1, apparently is sufficient to repress
the signaling cascade leading to gene expression and subsequent ethylene symptoms even
when other receptor types areinactivated. In addition, increased dosage of wild-typealleles
in triploid lines led to the partia recovery of ethylene sensitivity, indicating that dominant
ethylene insensitivity may involve either interactions between wild-type and mutant re-
ceptors or competition between mutant and wild-type receptors for downstream effectors
(Hall et al., 1999). Through this knowledge, we can understand that the plant’s reaction to
ethylene can be prevented by (1) application of achemical that blocksthe receptor in such a
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way that ethylene cannot bind, but without inducing the conformational change as ethylene
would or (2) breeding plants that express a mutant receptor that, like etr1-1, does not bind
ethylene. Both of these means would cause at least part of the receptorsto stay “active” in
the presence of ethylene, thereby blocking the signal transduction events leading to gene
expression. Unless the action in some way can be restricted to specific tissues, the result of
either method would be that all reactions to ethylene will be blocked. As discussed below,
this can have some unwanted effects.

4.4.1 Blocking ethylene perception by chemicals

Increased carbon dioxide and decreased oxygen concentrations are well-known antago-
nists of ethylene action, and various packaging and storage methods (modified atmosphere,
controlled atmosphere) for fresh horticultural products partly rely on this principle. The
biochemical background of these effects, however, is still largely unknown. Ethylene phys-
iologists used CO, for years as an inhibitor of ethylene action in testing the ethylene
involvement in processes, which they examined and, till today, CO, is widely regarded
as a compound that interferes with ethylene sensitivity. The original hypothesis of Burg
and Burg (1967) that CO, and ethylene may compete for the same binding site, however,
has found not to be true. In ethylene binding experiments, it was shown that CO, could
not displace ethylene from the receptor, and by using CO, in combination with 1-MCP (a
proved inhibitor of ethylene perception as discussed below), it was clearly shown that CO,
mainly acts independent of the ethylene receptor (de Wild et al., 2005). The most likely
site of action of CO; in inhibiting ethylene effects is at the activity of ACC synthase. An
increased ACC-synthase activity and, hence, an increased ethylene production is often a
major effect of ethylenetreatment; the lack of increased ethylene production under elevated
CO; levels may seem to suggest that ethylene perception is altered. A similar reasoning
may hold true for decreased O, levels. Despite the general idea that oxygen is required
for ethylene perception, the observed decreased responses to ethylene under low-oxygen
conditions may be related to the effect of low oxygen on processes other than the binding
of ethylene to the receptor. For instance, low oxygen is known to suppress ACO activity,
thereby blocking the autocatalytic ethylene production. Although the effect of ethylene
certainly isless pronounced under elevated CO, or decreased O levels, this effect may be
on processes beyond the actual perception of ethylene.

Lowering the temperature also dramatically reduces ethylene effects. For carnation
flowers it was calculated that for each 10 degrees drop in temperature, ethylene response
decreasesover 10times(Q10 = 11.3), duetotwo different processes. At lower temperatures,
the time required for a given response (irreversible wilting) increased with a Q49 of 2.7. In
addition to this, affinity of binding sites to ethylene was shown to decrease with a Q1 of
4.2 (Woltering et al., 1994). This shows that at low temperatures, not only the response to
ethylene, but also the perception of ethylene at the receptor level are suppressed. Together
with a decreased ethylene production at lower temperatures (Q10 = 2.7), this explains
the dramatic effect of temperature on ethylene effects and suggests that once stored at
low temperature, other ways to block ethylene effects may not be necessary. Although
controlled atmosphere storage is a common practice for many types of fruit, it is currently
not a common practice for storage of flowers or potted plants. Reid and Serek (1999)
recommend for carnations and roses an elevation of CO5 to the level of 3% for inhibition
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of ethylene action. The elevation of CO, level was accompanied by a reduction of O, to
2% and storage at low temperature (0°C). The authors reported that the potential benefit of
thistreatment as well as acommercial useis very limited.

4.4.2 Chemical inhibition of ethylene perception

4.4.2.1 2,5-Norbornadiene

In the early seventies, several alkenes have been reported by Sider and Pian (1973) as
effective ethylene antagonists. The most stabile of these compoundswas 2,5-norbornadiene
(2,5-bicyclohepta-2,5-diene; NBD). NBD is aliquid with alow boiling point (89°C) that
easily vaporizes at room temperature, which makesit easy to treat plant materia in airtight
chambers. NBDs effectiveness in preventing ethylene effects was tested on different plant
materials, including carnationflowers(Sisler et al., 1986). Continuoustreatment of carnation
flowers with NBD, even at lowest concentration tested (500 wL/L), strongly increased
vase life of the flowers and delayed the onset of climacteric ethylene production. Higher
concentrations of NBD inhibited ethylene binding in carnation flowers and |eaves with 66
and 86%, respectively. Even though NBD is commercialy available, its very disagreeable
odor limitsitsuseto scientific investigations (Sisler and Serek, 1999). Additionally, NBD is
blocking the receptor in acompetitive manner and, therefore, hasto be continuously present
to counteract ethylene effects. Therefore, NBD has very limited potential for commercial
use (Sider et ., 1990).

4.4.2.2 Silver thiosulfate

Thesilverionhasprovedto beapotent inhibitor of ethyleneactionin ornamentals. Ethylene-
binding studies using radio-labeled ethylene have shown that STS treatment blocks the
binding of ethylene (Sisler et al., 1986). ETR1 has been shown to contain a copper ion
that coordinates the binding of ethylene (Rodrigez et al., 1999), and the action of STS
may be related to the exchange between copper and silver ions in the receptor protein.
The silver-containing receptor apparently is locked in such a state that ethylene cannot
bind and induce a conformational change (Knee, 1995). For a number of years, STS was
the only compound used commercially to protect ornamental crops against ethylene at
the receptor level. STSis generally applied as a pretreatment solution to cut flowers. The
persistence and mobility of STS allows very short pulse treatments. In potted plants STS
is applied as an agueous spray. Beneficial effects of STS are reported for a great variety of
cut flowers and potted plants. STStreatment prevents petal senescence induced by ethylene
and prolongs the vase life in, for example, carnation, D. barbatus, Gypsophila, Matthiola,
Trachelium, Physostegia, and several orchid species. However, byproducts of use can lead
to environmental contamination.

4.4.2.3 Diazocyclopentadiene

Years after the discovery of NBD and STS, new compounds have been tested for extending
the postharvest life of ornamental crops. Diazocyclopentadiene (DACP) has been tested on
different ornamental crops, like carnations, miniature roses, and sweet pea flowers (Serek
et a., 1994). DACP binds weakly to the ethylene receptor (Sisler and Serek, 1997), but
under fluorescent light, DACP decomposes to unknown compounds and becomes a very
effective ethylene receptor blocker. The active product of decomposition of DACP has not
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yet been identified. The study of Sidler et a. (1993) reported on comparison of the effects
of STS and preirradiated DACP on preventing ethylene effects in cut carnation flowers
(Dianthus caryophyllus “White Sim”). The differences between treatments did not appear
during the 12 days of observation. Additionally, DACP delayed and reduced endogenous
ethylene production. In the study with sweet pea flowers, Sexton et al. (1995) investigated
the effect of DACP on bud drop from cut sweet pea flower spikes (Lathyrus odoratus L).
DACP delayed both wilting and abscission of buds; however, it did not stop the processes as
effectively asit wasreported for carnation petal senescence(Sisler etal., 1993). Theethylene
binding constants (Kd values) in rose petals and |eaves obtained indicates noncompetitive
inhibition by irradiated DACP, probably because DACP covalently attached to the binding
site when the diazo groups decomposed (Serek et a., 1994). This volatile compound has
been documented as a very strong ethylene action inhibitor; however, its instability and
explosive character makesit an unlikely candidate for commercial use.

4.4.2.4 1-Methylcyclopropene

The spectacular effect of 1-methylcyclopropene (1-MCP) has been well documented in a
range of ornamental species. The commercial producers of ornamental products in many
countriesare aready benefiting from thisnew development. 1-MCPisacyclic ol efin, which
seemingly irreversibly binds to ethylene receptors and prevents ethylene from inducing a
conformational change. The compound is nontoxic, odorless, stable at room temperature,
and has been shown to protect many cut flowers, potted plants, and other horticultural
commodities against ethylene. The physical and chemical properties, as well as synthesis
and mode of action of 1-MCP, have been reviewed by Sisler and Serek (2003). 1-MCP has
been patented in 1996 (Sisler and Blankenship, 1996) and is commercially produced by
AgroFresh Inc. (SmartFresh).

4.4.2.5 Other cyclopropenes

The effect of 1-MCP pretreatment generally has alimited duration. This most likely is due
to breakdown of receptor protein and the synthesis of new receptor molecules that are, due
to absence of the gas, not protected against ethylene (Sider et a., 1996b). Further develop-
ment and testing of new compounds to achieve a broader working spectrum has therefore
been performed (Sisler et al., 2001). A number of 1-MCP-related compounds have been
investigated in order to find the most effective ethylene antagonists. Cyclopropene (CP)
and 3,3-dimethylcyclopropene (3,3-DM CP) have been tested in carnation and Campanula
(Sidler et a., 1996a); 3-methylcyclopropene (3-MCP) has been tested in Campanula and
Kalanchoe (Sisler et al., 1999). All these compounds were found to be efficient in protect-
ing plant tissue from the effect of ethylene, though the necessary concentrations varied.
None of these compounds performed better than 1-MCP. Contrary to these results, methy-
lene cyclopropane has been found to induce most of the same effects as ethylene does
(Sidler et al., 1996b). Apparently, this compound acts as an agonist instead of an antago-
nist. Later investigations showed that 1-substituted cyclopropenes (like 1-M CP) performed
better than any other compounds, and a range of such compounds substituted with various
carbon chains at the 1-position has been tested by Sisler et a. (2003). This has resulted
in a number of compounds with very desirable qualities. In this study, compounds with
all possible linear saturated side chains from methyl (CHs) to decyl ((CH2)9CH3) were
tested. The genera result was that the longer the side chain, the better the performance.
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1-Decylcyclopropene (1-DCP) showed the best performance: both in terms of a very low
necessary concentration for maximum protection, 0.3 nL/L; and the longest duration of
action, 36 days. Although these studies were made in banana fruits, there is little doubt
that these compounds will be very effective in protecting flowers from ethylene effects as
well. One could speculate that the longer lasting effect could be due to the hydrophobic
side chain anchoring the compound to the cell membrane, thereby preventing the molecule
from getting lost from the cell surface and, at the same time, allowing a larger amount
of compound to be bound to the tissue. This slow-release effect could then result in the
compound being bound to ethylene receptor molecules, synthesized long after the initial
treatment, thereby prolonging the effect. | nflowersthemost thoroughly investigated of these
compoundsis 1-octylcyclopropene (1-OCP). It has been tested in Kalanchoe blossfeldiana
(Sidler and Serek, 2003) and L. odoratus (Kebenei et a., 2003). Generaly, this compound
was equally or slightly more efficient than 1-M CP (compared on a concentration v/v basis)
asaprotective agent against ethylene actionin flowers. Also, 1-hexylcyclopropene (1-HCP)
has been shown to be effective in Kalanchoe, though in somewhat higher concentrations
(Kebenei et al., 2003).

4.5 Regulation of senescence-related gene
expression by ethylene

The plant hormone ethylene has been implicated in the regulation of both fruit ripening and
|eaf and flower senescence (Abeleset a., 1992). A number of senescenceregulated (SR) and
ripening-related genes have been found to be upregulated by the exogenous application of
ethylene (Daviesand Grierson, 1989; Lawton et a ., 1990; Grbic and Bleecker, 1995; Weaver
etal., 1998). Treatment of preclimacteric flowerswith ethyleneresultsin theinduction of all
the SR genes identified from carnation (Jones and Woodson, 1999). In tomato, the highest
level of expression of pTOM genesin fruit was detected at the orange stage when ethylene
production was highest and enhanced expression in leaves coincided with the first visible
symptoms of leaf yellowing. Treatment with exogenous ethylene resulted in increased
expression of pTOM genesin fruit and leaves, providing evidence that ethylene-controlled
geneexpressionisinvolved in both fruit ripening and leaf senescence (Daviesand Grierson,
1989).

Never ripe (NR) tomatoes, which are insensitive to ethylene due to a mutation in the
ethylene receptor, produce fruit in which ripening isinhibited, have flower petalsthat do not
senesce, and have leaves with delayed leaf yellowing (Lanahan et al., 1994). In the fruit of
NR tomatoes, ripening-related transcripts accumulate too much lower levels than in wild-
type fruit (DellaPenna et al., 1989). Arabidopsis plants with a mutated ethylene receptor,
etrl-1, also show delayed leaf senescence but, once initiated, the process of senescence
and the level of SAG expression is similar to that detected in wild-type leaves (Grbic and
Bleecker, 1995). The treatment of tomato plants with the ethylene action inhibitor, silver
thiosulfate, delays both fruit and leaf senescence and greatly reduces the expression of the
mRNAsfor pTOM31, pTOM36, and pTOM137 and to alesser degree pTOM13, pTOM66,
and pTOM?75 in both fruit and leaves (Davies and Grierson, 1989). Treatment of carnation
flowers with the ethylene action inhibitor, norbornadiene (NBD), delays the age-related
accumulation of all SR genes except SRS (Lawton et al., 1990; Woodson et a., 1992,
1993). Treatment with NBD also reduces the basal levels of DCCP] transcript in petals
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(Joneset a., 1995). These experiments indicate that while many SR genes are regulated by
ethylene, they are also regulated by developmental or temporal cues.

Theability of plant organsto respond to exogenous ethylene appearsto be developmen-
tally regulated as the enhanced expression of SAGs in ethylene-treated leavesis greatest in
old leaves and not detectable or only moderately induced in young green leaves (Weaver et
al., 1998). Immature tomato fruits and flowers also do not respond to exogenous ethylene
with ripening or petal senescence. This ethylene treatment does not induce the expression
of ripening-related genes in immature green fruit or SR genesin petals from flowersin the
bud stage (Lawton et al., 1990). While some flowers like daylily and nonclimacteric fruits
like strawberry are not regulated by ethylene, it is clear that ethylene playsaregulatory role
in both senescence and fruit ripening through the transcriptional regulation of SR genes.

The observed differences in the timing of the response of various SR genes to external
stresses and plant hormones indicate that some of the SR genes may respond directly to
stress, while others may be regulated by senescence that results from the stress or hormone
application (Weaver et al., 1998). Further characterization of the response of SR genes to
various stresseswill help to identify those genesthat are primarily responsive to senescence
and arethuskey regulators of senescence. There are many genesthat are upregulated during
senescence and involved in the activation and coordination of senescence; the downregu-
lation of genes that act as repressors of senescence may play an equally important role
in regulating senescence. Currently, most of the genes identified as downregulated during
senescence are genesinvolved in photosynthesis (John et al., 1997). Transcript levelsfor the
pea homolog of the defender against apoptotic death (dad) gene, agene known to function
as arepressor of programmed cell death (PCD) in Caenorhabditis elegans and mammals,
have been found to decrease during flower development (Orzaez and Granell, 1997), while
the dad-1 cDNA from rice can rescue temperature-sensitive dad- 1 mutants of hamster from
PCD. Yamadaet a. (2004) isolated ahomolog of the potential antiapoptotic gene, defender
against apoptotic death (DAD1) from gladiolus petals as a full-length cDNA (GIDAD]),
and investigated the rel ationship between its expression and the execution processes of PCD
in senescing petals. RNA gel blotting showed that GIDAD1 expression in petals was dras-
tically reduced, considerably before thefirst visible senescence symptom (petal wilting). A
few days after downregulation GIDADI expression, DNA and nuclear fragmentation were
observed, both specific for the execution phase of PCD, but the function of the dad genein
plant senescence is still not very clear.

4.6 Genes involved in ethylene biosynthesis and perception

The biosynthesis and perception of the plant hormone ethylene are known to modulate
specific components of leaf senescence, fruit ripening, and flower senescence (Grbic and
Bleecker, 1995). All three processes are aso known to be accompanied by increases
in the synthesis of ethylene (Abeles et a., 1992), and therefore it is reasonable to as-
sume that SR genes would include those involved in ethylene biosynthesis. Two enzymes,
1-aminocyclopropane-l-carboxylate (ACC) synthase and ACC oxidase, have been iden-
tified as catalyzing rate-limiting steps in ethylene biosynthesis (Kende, 1993). While no
ACC-synthase genes have specifically been isolated by differential screening of senesc-
ing or ripening tissues, three SR clones have been identified that encode ACC oxidase;
these include pTOM 13 from tomato (Hamilton et al., 1991); SR720 from carnation petals
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(Wang and Woodson, 1991); and pBANUU10 from banana (Medina-Suarez et al., 1997).
WhilepTOM13 isupregulatedin leaves, flowers, and fruits, SR 720 isflower-specific (Barry
et a., 1996). On the identification of additional ACC-synthase and ACC-oxidase genes,
transcriptional upregulation has been reported during flower and leaf senescence and fruit
ripening in many species (Abeles et al., 1992). While the ethylene biosynthetic pathway is
well established, componentsinvolved in ethylene perception and signal transduction have
only recently been identified. Initial studies on the expression of genes encoding the ethy-
lene receptor report that specific receptor genes are upregulated during fruit ripening and
senescence, while others appear to be congtitutively expressed in multiple tissues (Tieman
and Klee, 1999).

During the last 10 years, enormous progress has been made both in the understanding
of the mode of action of ethylene at the molecular level aswell asin the trandation of this
knowledge into strategies to counteract the detrimental effects of ethylene on ornamental
products. Currently, 1-MCP is entering the market worldwide to treat a variety of orna-
mental products and, genetically engineered ornamentals, with either a decreased ethylene
production or perception, and subsequent superior postharvest performance have been pro-
duced. Given the changing public and political opinionswith regard to genetically modified
organisms, it is expected that the latter products will also soon enter the flower market.

4.7 Role of plant growth regulators in flower senescence

4.7.1 Cytokinins

Flower senescence process, like whole plant senescence, is an active one that is executed
viaadefined genetic program. Once aflower has been pollinated or isno longer receptiveto
pollination, the programmed senescence of petalsallowsfor the removal of ametabolically
costly tissuewhose solerolein sexual reproductionisto attract apollinator. |n many flowers,
pollination-induced petal senescence results in the degradation of macromolecules from a
structurethat isno longer needed and all owsfor the remobilization of nutrientsto devel oping
tissues like the ovary (Stead, 1992).

Senescence is accompanied by changes in endogenous ethylene, abscisic acid (ABA),
and cytokinins, and these changes are believed to mediate signaling events that control
the process. In ethylene-insensitive plants like daylily, ABA is thought to be the primary
hormonal regulator of flower senescence, and exogenous application of ABA acceleratesvi-
sual senescence symptomsand regul atestranscription of senescence-rel ated genes (Panavas
etal., 1998). Inethylene-sensitive flowerslikecarnation (D. caryophylius), ABA accelerates
flower senescence by increasing the endogenous production of ethylene (Ronen and Mayak,
1981). In contrast to the actions of ethylene and ABA, cytokinins delay senescencein vege-
tative and floral tissues (Van Staden et a., 1988). Aninverserelationship between cytokinin
content and senescence occurs in some flowers (Van Staden et al., 1988). Cytokinin con-
tent in roses (Mayak et al., 1972), carnation (Van Staden and Dimalla, 1980), and Cosmos
sulfurous (Sahaet al., 1985) isgreatest in young flowers and decreases during corolla open-
ing and development. Rose varieties with longer vase lives have been reported to contain
more cytokinins than those with shorter vase lives (Mayak and Halevy, 1970). Resultsfrom
exogenous application of cytokinins in vase solutions have been variable (Baker, 1983).
Cytokinin application delayed senescence in carnations (Upfold and Van Staden, 1990),
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roses (Mayak and Halevy, 1974), Gerbera sp. (van Meeteren, 1979), and petunia (Petunia
x hybrida; Taverner et a., 1999), but the response depended on the type and concentration
of cytokinin and the stage of flower development.

I nteractions between cytokinins and other hormones during senescence have been less
studied. Cytokinin applications to carnation flowers delay senescence and are associated
with reduced ethylene biosynthesisand decreased sensitivity to ethylene (Cook et al., 1985).
A study suggested that ethylene production during petunia senescence promotes cytokinin
degradation and inactivation by O-glucosylation (Taverner et al., 1999). The sensitivity of
flowers to ethylene increases as they mature, and this sensitivity change also has arolein
the initiation of senescence (Woodson and Lawton, 1988).

Until very recently, no genes involved in cytokinin biosynthesis had been identified
from plants (Sun et al., 2003). Plants with altered cytokinin content have been generated by
manipulating cytokinin biosynthetic gene, ipt (Medford et al., 1989). The ipt gene encodes
isopentenyl transferase, an enzyme that catalyzes the condensation of dimethylallylpy-
rophosphate and 5'-AMP to isopentenyladenosine (iPA) 5'-phosphate. This is assumed to
represent a rate-limiting step in cytokinin biosynthesis because the introduction of the ipt
gene into plants results in increased accumulation of many forms of cytokinins (Morris,
1995). Very low increases in endogenous cytokinin content of transgenic plants have been
associated with pleiotropic effects including inhibition of root growth, stunted shoots, re-
duced apical dominance, increased stem diameter, and retarded |eaf senescence (Schmulling
et al., 1999). An approach to target the expression of ipr to senescing tissues with the pro-
moter from SAG12, a senescence-associated gene from Arabidopsis, demonstrated adirect
effect of cytokinins on plant senescence (Gan and Amasino, 1995). Numerous plantstrans-
formed with SAG12-IPT have significant delays in leaf senescence (Gan and Amasino,
1995; Jordi et al., 2000; Zhang et al., 2000; McCabe et a., 2001). Studies with these plants
have confirmed that changes in cytokinin content impact the initiation of leaf senescence,
nitrogen partitioning, photosynthetic enzyme activities, and chlorophyll degradation dur-
ing senescence (McCabe et al., 2001). Sustained cytokinin content also enhances flooding
and drought tolerance (Dervinis, 1999; Zhang et al., 2000). Although there are reports of
SAG12-1PT plants with enhanced flower longevity (Zhang et a., 2000; Schroeder et d.,
2001), there has been no investigation of the effects of endogenous cytokinin levels on
the regulation of flower senescence beyond these phenotypic observations. Chang et al.
(2003) used transgenic petunias expressing the Ps 4 ;2-IPT chimeric gene to determine the
effects of increased cytokinin levels in petals on flower senescence and to investigate the
interactions between cytokinin accumulation and ethylene production, ethylene sensitivity,
and ABA accumulation. Comparisons with nontransformed control plants demonstrated
interactions between these signaling molecules that resulted in significantly delayed flo-
ral senescence. Identification of cytokinin receptors and cytokinin-responsive genes have
increased our understanding of cytokinin signaling and interaction between cytokinin and
other signalsin recent years (Brenner et al., 2005; Ferreiraand Kieber, 2005; Rashotteet al.,
2005). Recent analysis of transgenic petunia plants with upregulated cytokinin biosynthe-
sis showed that the flowers were less sensitive to exogenous ethylene and required longer
treatment with ethylene to induce endogenous ethylene production and corolla senescence,
and to upregulate senescence-related genes (Chang et a., 2003). Raised cytokinin content
in plants has also been linked to improved tolerance of stress (Clark et al., 2004). Else-
where, ethylene production in petunia corollas has been shown to promote senescence by
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stimulating the metabolism of cytokinin bases and ribosides, thereby reducing cytokinin
activity (Taverner et al., 1999).

4.8 Abscisic acid

Abscisic acid (ABA) is generaly known as a strong growth inhibitor and a senescence-
stimulating factor, but it aso controls stomata closure in certain plants. In vegetative tis-
sues, ABA appearsto beinvolved in the response and adaptation of plantsto environmental
stresses, especially in drought, salinity, and cold conditions (as may occur in storage con-
ditions of cut flowers). It has also been proposed that under water stress, turgor pressure
declines and it results in an increase in cytosolic and apoplastic ABA levels (Patterson,
2001). This increase leads to (@) the closure of stomata to avoid further water stress and
(b) the induction and accumulation of compatible solutes, such as proline, for water stress
tolerance (Shen and Ho, 1997). Exogenous applications of ABA can serve also to increase
the cold hardiness of plants. Provision of exogenous ABA in the vase solution effectively
reduces vase sol ution usage and extends flower life. The expression of ABA genesresultsin
the formation of, among other gene products, L EAs (late embryogenesis abundant), which
are neither enzymes nor storage proteins but rather serve to protect proteins and mem-
branes from damages during water loss in the cytoplasm due to desiccation. Reid (1985)
hypothesized that a gradient of auxin from the subtended organ to the plant axis maintains
the abscission zone in a nonsensitive state. A reduction or reversal of the auxin gradient
causes the abscission zone to become sensitive to ethylene. Consequently, senescence and
abscission could be atered by factors like shading, low irradiance, high temperature or
water stress, and poor nutrition, which alter auxin gradients by exposure to ethylene, and
by stresses that enhance ethylene production.

4.9 Gibberellins and other plant growth regulators

Gibberellins (GAs) are alarge family of diterpenoid compounds, some of which are bioac-
tive growth regulators, controlling such diverse processes as germination, stem elongation,
and flowering. Cytokinins, and in some cases, GAs (such as GA3, GA4, and GA7 in Al-
stroemeria cut flowers; Jordi et a., 1996) delay the loss of Chl, whereas ethylene and
ABA enhance the rate of Chl loss; the application of BA and GAs together improved the
postharvest quality of cut Asiatic and Orienta lilies. Jasmonic acid can induce senescence,
while polyamines delay foliar senescence (Singh et al., 2005a, b). In waxflower, thefoliage
of cut flowers often desiccates before flowers on the same sprig become senescent, since
leaves have relatively higher turgor and lower osmotic potentials than flowers, and are less
elastic (Joyce et a., 2000). Brassinosteroids induce PCD and the formation of secondary
walls (Kuriyama and Fukuda, 2002). Growth retardants (e.g., uniconazole, ancymidol, pa-
clobutrazol) reduce shoot elongation normally through inhibition of GA biosynthesis. GA
effectively retains Chl, while the addition of indole-3-acetic acid (IAA) in vase water has
little effect on leaf yellowing, while kinetin delays it (van Doorn et a., 1992). Benzylade-
nine (BA) improved the vase life of anthurium, heliconia, and ginger (Alpinia purpurata)
when applied as a spray or a dip, but inhibited that of bird-of-paradise (Strelizia regi-
nae), beehive ginger (Zinziber spectabilis) and Uluhe fern curls (Dicranopteris linearis),
bamboo orchid (Arundina bambusifolia), and cut leaves of the fern lycopodium
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(Lycopodium cernuum) (Paull and Chantrachit, 2001). Jasmonic acid and methyl jasmonate,
natural plant growth regulators, are involved in plant defense responses, exhibit direct
antifungal activity as well as increase humerous antifungal compounds in plant tissues
when applied exogenously. They also activate many inducible genes leading to the syn-
thesis of secondary plant products that function as antimicrobial compounds (Meir et al.,
1998).

4.10 Identification and classification of senescence-related genes

Recent molecular studies have confirmed that senescence and ripening are accompanied by
changes in gene expression. Utilizing differential screening and subtractive hybridization
techniques, a number of cDNAS that are upregulated during senescence have been cloned.
Genesthat exhibit enhanced expression during senescence have been cloned from theleaves
of Arabidopsis, asparagus, Brassica napus, barley, maize, radish, and tomato (Smart, 1994,
Buchanan-Wollaston, 1997; Nam, 1997; Weaver et a., 1997; Quirino et al., 2000). Dif-
ferential screening of senescence petal cDNA libraries and PCR-based differential display
techniques have been utilized to identify genes that are upregulated during senescence of
carnation and daylily flowers (Woodson et al ., 1993; Woodson, 1994; Valpuestaet a ., 1995;
Guerrero et a., 1998; Panavas et al., 1999).

Most of the genesthat have been identified as senescence-rel ated are expressed at basal
levelsin nonsenescing tissues (green leaves and young flowers) and increase in abundance
during senescence. A smaller number of SR genes are only detectable in senescing tissues
and represent senescence-specific genes. An even smaller set of genes have been identified
that have high levels of expression early in development, decreased expression in young
maturing tissue, and increased expression at the onset of senescence. Genes that fit within
this class have only been identified in vegetative tissues and represent genes that have a
similar role in multiple stages of development like germination and senescence (Lohman
et a., 1994; Smart, 1994; Buchanan-Wollaston, 1997).

Weaver et a. (1998) shows the patterns of expression of a selected group of SAGs
(senescence-associated genes) during age-related senescence of Arabidopsis |eaves. Most
of these genes exhibit basal levels of expression in green nonsenescing tissues. Within this
broad classification, genes are differentially regulated, with some increasing in abundance
gradually as the leaf matures and others increasing more abruptly at various stages of |eaf
development. Only SAG12 and SAG13 show senescence-specific expression. Among the
senescence-specific genes, SAG13 is detected before any visible signs of leaf senescence
and, as such, may be responsible for initiation of the senescence process, while SAG12 is
expressed after the leaf isvisibly yellowing.

Many of the genes that have been identified as senescence-related are identified from
aparticular plant organ, and it is not known whether they are expressed in other senescing
organs or during other developmental processes. The expression of a number of SAGswas
investigated in roots, stems, flower buds, and mature flowers of Arabidopsis (Quirinoetal.,
1999). Expression of SAG12, SAG13, SAG25, SAG26, and SAG29 was not detected in any
nonsenescing tissues but was detected in both senescing flowers and leaves, indicating a
common molecular regulation of senescence in vegetative and floral tissue. Some of the
SAGs show low levels of expression in multiple tissues with upregulation in senescing
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leaves and flowers (SAG23) or upregulation detected only in senescing leaves (SAG28 and
SAG24). SG27 shows strictly leaf senescence-specific expression (Quirino et al., 1999).

Buchanan-Wollaston group has also identified a number of SR genes from B. na-
pus utilizing both differential library screening and subtractive hybridization (Buchanan-
Wollaston, 1994, 1997; Hanfrey et al., 1996; Buchanan-Wollaston and Ainsworth, 1997).
It is not known whether any of these genes are upregulated during petal senescence, but
similar to the Arabidopsis SAGS, they show differential patterns of expression during the
development of the leaf. The homolog of the Arabidopsis (SAG12) gene has been cloned
in B. napus and shows a similar senescence-specified expression after the onset of leaf
senescence (Noh and Amasino, 1999b).

There is significant evidence that petal senescence in some flowers is a genetically
programmed event that requires de novo protein synthesis and transcription of few genes
(Woodson, 1987, 1994). In vitro trandation of carnation petal mMRNAS has revealed that
theinitiation of petal senescence is associated with increasesin certain mRNAs (Woodson,
1994). Differential screening of a cDNA library from senescing carnation petals has iden-
tified nine cDNAS that represent unique senescence-related mRNAS. A cysteine protease
(DCCPI) and three ACC-synthase (DCACS1, DCACS2, and DCACS3) cDNAswereidenti-
fied from carnation petal s using reverse transcriptase-polymerase chain reaction (RT-PCR)
(ten Have and Woltering, 1997; Jones and Woodson, 1999). Only SR739 and DCCP] tran-
scripts are detected in preclimacteric petals. Most of the SR genesare detected in petalsat 5
daysafter harvest, corresponding to thefirst detectabl e ethylene production from the petal s.
Eight of the eleven SR genes from carnation are flower specific, while low levels of SR139,
SR123, and DCCP1 are detectable in leaves (Woodson et al., 1992, 1993). Identifying the
function of additional flower-specific SR genes will help to identify differences between
the regulation of vegetative and floral senescence.

4.11 Regulation of SR gene expression by stress

Little is known about the transcriptional regulation of the SR genes other than that their
mMRNAs accumulate in one or more senescing tissues. While senescence is under devel op-
mental regulation, it can be accelerated by certain environmental stresses (Nooden, 1988).
A few of the genesthat have recently been identified as senescence related were previously
identified based on increased transcription, following exposure to various stressesincluding
drought and darkness (Park et al., 1998; Weaver et al ., 1998). Studiesby Weaver et a. (1998)
have shown that anumber of the SAGsfrom Arabidopsis areinduced by stresses. Exposing
excised leavesto darknessis one of the strongest inducers of SAG transcript accumulation.
While detaching leaves in the light did not result in leaf chlorosis, it did result in the en-
hanced expression of most SAGs (Weaver et a., 1998). Only about half of the SAGs tested
showed increased expression following dehydration treatments. In general, these responses
were influenced by the developmental stage of the leaves with strongest induction in older
leaves and no effect or only moderate induction detected in young leaves (Weaver et a.,
1998).

Physiological and biochemical changes such as decline in photosynthetic rate and
chlorophyll content have been used to identify stages of senescence, but artificial meth-
ods such as detachment and darkness that rapidly induce senescence have become
popular models for studying leaf senescence (Thomas and Stoddart, 1980). While the
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detachment of leavesin the dark accel erates senescence and serves asameans of coordinat-
ing the senescence process between leaves, its use asamodel system for natural age-related
senescence should be approached with caution. Following the identification of three
cDNAs that showed increased expression in dark-treated leaves, experiments revealed that
only one of the three showed enhanced expression during natural senescence (Becker and
Apel, 1993). Only four of seven genes identified from Arabidopsis as dark-induced aso
showed enhanced expression in naturally senescing leaves (Perk et al., 1998).

There are many common molecular events occurring among senescing tissues. The
degradation and remobilization of cellular constituents is predominant during senescence
and, correspondingly, the activities of hydrolytic enzymes and their mRNASs increase. A
number of SR genes have also been identified that encode products with homology to PR
proteins. While it is not known what the role of these proteinsisin senescence, it appears
that they may serve a protective role similar to their role during the defense response.
These patternsof expressionindicatethat throughout plant devel opment, common molecular
mechanisms are regulated by the same genesin multipletissues. A few of these genes have
been identified as having leaf, flower, or fruit senescence-specific expression. Of these
genes, many encode different isoforms of the same enzyme, which may be differentially
regulated within the plant organs. Similar to fruit ripening, the developmental regulation of
germination and senescence also share common molecular mechanisms. Thisis especially
evident when investigating the expression of genesinvolvedin protein and lipid degradation
and remobilization.

While differential cDNA screening, differential display and cDNA subtraction have
identified a number of senescence-related genes, the expression of most genes has not been
investigated in flowers, leaves, and fruits. The use of enhancer trap lines in Arabidopsis
has resulted in the identification of over 100 lines that have reporter gene expression in
senescing, but not in nonsenescing tissues (He et al., 2001). This technology starts to
reveal the complexity of the network of senescence-regulated pathways, and will allow for
the identification of many additional SR genes. The identification of senescence-specific
promoter elements (Noh and Amasino, 1999a) and the generation of mutants and transgenic
plants will help us to better understand the regulation of SR genes during senescence.
DNA microarrays will allow temporal and spatial expression patterns to be determined for
hundreds of genes involved in senescence. These technologies will lead to an increased
understanding of theinitiation and execution of senescence, which will allow usto increase
vase life and horticultural performance of ornamentals, increase yield in agronomic crops,
and decrease postharvest losses of fruits and vegetables.

4.12 Sugar status and cut flower senescence

Sugar solutionsarewell knownfor their ability toimprove postharvest quality and extend the
vase life of cut flowers, although the hypothesis of a sole sugar starvation or sugar accumu-
lation signal ininducing petal senescence has not been validated (van Doorn, 2004). Signals
fromthelack of, the abundance of, or the metabolism of sugars(i.e., sugar signals) probably
form part of acomplex array of exogenous and endogenous signalsthat initiate senescence,
and there is evidence that in carnation petals sucrose decreases ethylene responsiveness
(Verlinden and Garcia, 2004), and complex interactions occur between sugar- and ethylene-
signaling mechanisms that are tissue dependent (lordachescu and Verlinden, 2005). In
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addition, the cytokinin-mediated delay of senescence in leaves has been linked to activity
of invertases (BalibreaLaraet al., 2004) (enzymes that hydrolyze sucroseinto glucose and
fructose), and since petal s share many molecul ar and hormonal featureswith leaves, thismay
also proveto bethe casefor flowers. The complexity of interactionsknown to occur between
sugars and plant hormone pathways in plants has been outlined in areview (Gibson, 2004).
Sugarsare a so known to modul ate plant growth and devel opment (Rolland et al ., 2002), and
in flowersthe breakdown of long-chain carbohydrates (e.g., fructan and starch) isone of the
main drivers of petal opening (Bieleski, 2000). Functional analyses of sucrose transporter
proteins have shown that these proteins load sucrose into the sieve elements of source or-
gans, and that their activity iscritical for the normal growth, development, and reproduction
of Arabidopsis plants (Gottwald et al ., 2000). The activity of petal -specific phloem-loading
sucrose transporters has been postul ated to achieve the rapid transition from sink to source
inrelation to phloem movement (Bieleski, 2000), asfloral tissues shift from matureto senes-
cence states. Sugar signaling has also been implicated in the regulation of gene expression
in plants (van Meeteren et a., 2000), and sugar-feeding treatments alter the expression of
senescence-related cysteine protease and B-gal actosidase genes in Sandersonia cut flowers
(O’ Donoghue et al., 2005). Theintegration of sugar or polyols-containing pulsing solutions
into postharvest regimesis effective for maintaining quality and del aying the onset of senes-
cence in gladiolus (Arora and Singh, 2006) and many other cut flowers. Experimentation
suggests that sugars have a role not only as an energy source but also in regulating gene
expression.

4.13 Membrane permeability

A consistent feature of senescenceistheloss of differential permeability of cell membranes
(Thompson, 1988). Deterioration of cellular membranes causes increased membrane per-
meability, loss of ionic gradients, and decreased function of key membrane proteins (e.g.,
ion pumps) (Paliyath and Draillard, 1992). Changes in the properties of membranes, such
as increases in microviscosity, aterations in saturation/desaturation ratios of fatty acids,
and peroxidation of lipids, are known to occur during petal senescence, with a causal
link to reactive oxygen species, which are often elevated as a result of stress and have
been implicated in the progression of petal senescence. Membrane deterioration is com-
monly associated with progressive decreases in membrane phospholipid content through
phospholipase activity. Increased lipase (lipolytic acyl hydrolase) and lipoxygenase activ-
ity has been linked to the onset of membrane leakiness in carnation (Hong et a., 2000)
and rose (Fukuchi-Mizutani et al., 2000), respectively, but aloss of membrane function in
Alstroemeria occurs without increased activity of lipoxygenase (Leverentz et a., 2002),
suggesting that loss of membrane integrity can be achieved in anumber of ways. In petals,
phosphatidyl choline and phosphati dyl ethanol amine make up 75% of the membranes' phos-
pholipids (Borochov and Woodson, 1989). A senescence-induced lipase with lipolytic acyl
hydrolase activity has been identified from carnation flowers (Hong et al., 2000). The
abundance of the lipase mRNA increases just as carnation petals begin to in roll and is
enhanced by treatment with ethylene. Understanding the cause of membrane breakdown
in senescing tissues also has implications for signal transduction chains, as the compo-
nents of these chains are often associated with membranes. These aspects are addressed in
Chapter 9.
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4.14 Cell wall changes during wilting

Cell walls are composed of a strong flexible network of cellulose surrounded by a hydrated
matrix of acidic polysaccharides (pectin), hemicelluloses, structural glycoproteins, and
enzymes (Cosgrove, 2000). Cell walls provide protection and structure for individual cells
and must accommodate rapid cell or tissue-specific expansion during petal opening. The
onset of senescence-associated wilting of floral organs has been temporally linked with
modifications of the cell wall in carnation (Devetten et al., 1991), and recent work on
Sandersonia also supports this view (O'Donoghue et a., 2005). Anatomical changes to
flower petal cells suggest that cell walls swell or break down astheinternal mesophyll cells
become separated from each other and collapse during petal expansion and subsequent
senescence (O’ Donoghue et al., 2002; Wagstaff et a., 2003). The loss of cell order that
occurs during petal senescence is often accompanied by an increasein activity of cell wall
hydrolases, depolymerization of hemicelluloses, and loss of neutral sugars, particularly
galactose and arabinose (O’ Donoghue et a., 2002). Sandersonia, in particular, loses nearly
50% of cell wall galactose asflowersbegin to wilt, accompanied by amarked increasein 8-
galactosidase (O’ Donoghueet al., 2002, 2005). A putativerolefor cell wall 8-galactosidases
inripening fruit tissueisthe degradation of pectin-associated galactan, which increaseswall
porosity and enables access of other cell wall-modifying enzymes (Brummell and Harpster,
2001). B-Galactosidase gene expression, enzyme activity, and galactose loss from the cell
walls of Sandersonia petals may be associated with the onset of wilting (O’ Donoghueet al.,
2005), but the theory of increased wall porosity may not apply in these flower petals. The
senescence-associated expression of Sandersonia B-galactosidase genes occurs in concert
with protease genes and is delayed after sugar-feeding treatment, which also delays the
onset of petal wilt (O’ Donoghue et a., 2005). Sandersonia S-galactosidase genes are also
differentially expressed after water stress treatments. Expansins are noncatalytic enzymes
that arebelieved to disrupt the hydrogen bonding that links cellulose microfibril swith matrix
polysaccharides. Two rolesfor expansinsin plants have been proposed: enabling cell walls
to expand in response to increased turgor pressure within the cell (Cosgrove, 2000) and cell
wall disassembly during tissue senescence (Brummell et al., 1999). The role of expansins
in petal senescence is less clear, one hypothesis is that expansins function to destroy cell
wall integrity by indiscriminate binding (Gookin et al., 2003). In petunia, downregulation
of a-expansin gene (PhEXP1) produced plants with flowers of asmaller size (Zenoni et al.,
2004). The petals had a smaller epidermal cell area and altered cell wall morphology and
composition. The reduced cell wall thickness in transgenic plants was accompanied by a
reduction in crystalline cellulose (Zenoni et al., 2004). The expansins play a key role in
regulating cell expansion in petunia petals by coordinating cellulose synthesis, deposition,
and spatia organization in relation to other polymers and protein constituents of the cell
wall (Zenoni et al., 2004).

4.15 Changes in nucleic acids and proteins

While senescence is a degradative process, this degradation is not merely the result of
increased rates of protein turnover and decreases in the synthesis of proteins and RNA.
Although general decreasesin total protein and RNA levelsare observed in senescing floral
and foliar tissues, specific proteins and mRNASs have been found to increase (Borochov
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and Woodson, 1989; Arora and Singh, 2004). Experiments with inhibitors of protein and
RNA synthesis have demonstrated that senescenceisagenetically programmed processthat
requires the selective activation of specific RNAs and proteins, and does not merely result
from theinhibition of cellular metabolism by declining rates of protein and RNA synthesis.
These inhibitor studies have also suggested that transcription and protein synthesisin or-
ganellesis not central to the regulation of senescence. In support of the nuclear regulation
of senescence, nuclear genes have been found to encode aimost al of the mRNASs found
to increase during senescence (Nooden, 1988). While the later stages of ripening resem-
ble senescence, the entire process represents more of an interaction between degradative
and synthetic processes. In contrast to senescing flowers and leaves, protein levelsin fruits
remain constant or increase slightly during ripening (Brady, 1988). Specific mRNAs and
proteins that increase during ripening have also been identified (Gray et a., 1992). These
will be referred to as senescence-related (SR) genes.

4.15.1 Plant cysteine proteinases

Proteolysisin plants is a complex process involving many enzymes and multifarious pro-
teolytic pathways in various cellular compartments, with cysteine proteinases playing an
essential role. Their sharein total proteolysis depends on the kind of plant and its organ. It
amounts up to 30% of total proteolytic activity in mature nonsenescing organs. However,
the activities of cysteine proteinases respond dramatically to different internal and external
stimuli, and in some cases, they riseto 90% of thetotal proteolytic activity (Wisniewski and
Zagdanska, 2001). They are involved in protein maturation, degradation, and protein re-
built in responseto different external stimuli, and they also play a housekeeping function to
remove abnormal, misfolded proteins. In each case, the proteolysis by cysteine proteinases
isahighly regulated process.

4.15.2 Proteolysis regulates metabolic processes within the cell

Proteolysisisan indispensable processin al living organisms. A continual turnover of pro-
teins removes functionally impaired proteins (due to biosynthetic errors, improper folding,
thermal denaturation, oxidative damage (Arora et a., 2002), which if left unchecked, may
restrict metabolic activities and jeopardize a cell’s integrity. Proteases also recycle essen-
tial amino acids and are important in the recovery of valuable nutrients. Proteases regulate
metabolic pathways and developmental programs by affecting the rapid turnover of rate-
limiting enzymesand key regulatory proteins(Clarke, 2005). Proteolytic cleavageisthought
to play asignificant role in the senescence of flowers because expression of protease genes
isone of the earliest senescence-related gene changesto be identified (Eason et al., 2002).
Upregulated expression of protease genes, raised enzyme activity, and adecline in soluble
protein levels occur consistently during senescence, both of ethylene-sensitive (Wagstaff
et a., 2002; Jones et al., 2005) and ethylene-insensitive flowers (Eason et al., 2002; Arora
and Ezura, 2003; Arora and Singh, 2004). Regulating the senescence-associated activity
of proteases may be achieved with different molecular strategies. First, the interaction be-
tween proteases and their inhibitor proteins have been linked to modulation of cell desath
processes in plants (Sin and Chye, 2004). In certain cut flowers (Sandersonia and Iris),
chemical inhibition of protease action delays the onset of senescence (Pak and van Doorn,
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2005), and the accumulation of cysteine protease mMRNAS in senescing carnation flowers
is associated with a corresponding decline in protease inhibitor mMRNA (Sugawara et a.,
2002), indicating that inhibitor proteins may play arolein regul ating senescence-associated
protease activity in flowers. Second, proteases have been shown to be localized to the plant
vacuole (Sin and Chye, 2004; Lam, 2005), and both posttranslational modification and
subcellular localization provide the cell with ameansto regulate protease activity. Another
avenue for extending the display life of cut flowers through modification of proteolysisis
the downregulation of senescence-associated cysteine proteases. In broccali, this strategy
has produced transgenic plantswith del ayed postharvest senescence (Eason et a., 2005) and
may offer an alternative strategy for extending vase life of cut flowers. It has been reported
that a single daffodil flower will cause an increase in the vase life of other flowers (van
Doorn et al., 2004). The active compound in the mucilage of daffodil flowers, which delays
tepal senescence in cut Iris flowers, is narciclasinge, an alkaloid known to inhibit protein
synthesis (van Doorn et a., 2004). This also provides a new strategy for postharvest vase
life extension, if specific protease inhibitors can be developed in the future for usein vase
solutions.

4.15.3 Genes involved in protein degradation

Decreases in total proteins during senescence result from increases in proteolytic enzyme
activity and decreases in protein synthesis (Brady, 1988). The degradation of proteins and
remobilization of amino acids to developing tissues is the predominant metabolic process
during senescence. Cysteine proteases are believed to be the main proteases involved in
general protein hydrolysis, and recently, anumber of cysteine protease have been identified
from senescing leaves, senescing flowers, and ripening fruit.

Of those cysteine proteases identified from senescing tissues, most share sequence
homology with y-oryzain from rice, a cysteine protease that has been implicated in the
mobilization of reserve proteinsduring seed germination. Theseinclude SAG2, Seel, LSC7,
SENU2, and SENU3. The expression patterns of thesefive genesare similar, with low levels
of expression in young leaves and increased expression during senescence (Buchanan-
Wollaston, 1997; Weaver et al., 1998). Both tomato cysteine protease, SenU2 and SenU3
and Seel, frommaizeal so show patternsof upregul ation during seed germination, indicating
that these proteases may play similar roles in protein degradation during germination and
leaf senescence (Smart et al., 1995; Drake et al., 1996). While common to germination
and leaf senescence, the SENU2 and SENU3 transcripts were not upregulated during fruit
ripening (Drake et a., 1996). SAGI2, which encodes a papainlike cysteine protease, is
one of the few SR genes to the display senescence-specific regulation. SAG12 mRNAs are
not detectable in roots, stems, green leaves, or young flowers, but increase in abundance
in senescing petals as well as leaves (Lohman et a., 1994; Quirino et al., 1999). This
senescence-specific expression suggests that the S4G12 protease might play akey rolein
the large-scale increases in protein degradation during senescence.

The dismantling of the chloroplast, which contains greater than 50% of the leaf’s total
protein, is a prominent process in leaf senescence (Thomas and Stoddart, 1980). While
many SR genes have been identified as proteases, only one of these has been found to belo-
calized tothechloroplast (Erd1; Lohman et al., 1994). Transcript levelsof clp protease have
been reported to increase during leaf senescence, but protein levels were found to decline,
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suggesting that the clp protease does not play a primary role in the programmed disassem-
bly of the chloroplast during senescence (Weaver et a., 1999). A study by Guiamet et al.
(1999) has reported that the chloroplast of senescing soybean leaves excrete plastoglobuli-
containing constituents of the chloroplast. The dismantling of these chloroplast components
then occurs outside the chloroplast where SR proteases are localized.

Similar to leaf senescence, protein degradation has been demonstrated to beamajor part
of petal senescence and the remobilization of N to the developing ovary (Nichols, 1976).
A few of the SR cysteine proteases have been shown to be upregulated in both leaves and
petals (DCCP1, Jones et a., 1995; Pethl, Tournaire et a., 1996; SAGI2, Quirino et a.,
1999; GgCyP, Arora and Singh, 2004). Large increases in proteolytic activity during the
senescenceof theephemeral flower, daylily, have beenwell documented, and thisproteolytic
activity was correlated with increases in the expression of two cysteine protease genes
(Senlil and Seni02) during the senescence of petals (Valpuestaet a., 1995; Guerrero et al.,
1998; Stephenson and Rubinstein, 1998). In contrast to the cysteine proteasesfrom carnation
and petunia, transcripts are not detectable in young daylily flowers (buds) and the level
of transcript does not increase in senescing leaves (Guerrero et al., 1998). Both daylily
cysteine proteases appear to be flower senescence specific. Aroraand Singh (2004) studied
the changes in protein content and protease activity in the petals of ethylene-insensitive
gladiolus flowers, during devel opment and senescence. There was a dramatic upregulation
intheexpression of GgCyP at theincipient senescent stage of flower development, indicating
that this gene may encode an important enzyme for the proteolytic process in gladiolus.
The gladiolus cysteine protease gene appears to be flower senescence specific.

4.16 Molecular strategies of extending cut flower life

Conventiona breeding is still apractical form of increasing the number of flowering buds,
extending the longevity of an inflorescence and improving its postharvest performance,
as has been demonstrated in Lilium (van der Meulen-Muisers et al., 1999). Many of the
molecular mechanisms underlying senescence, and the respective genesinvolved in protein
degradation, nucleic acid and chlorophyll breakdown, and lipid and nitrogen remobiliza-
tion have been extensively covered in other reviews (Buchanan-Wollaston, 1997; Gan and
Amasino, 1997). An understanding of these mechanisms is vital to the use of molecular
techniques to clone genes of interest to reverse, for example, through antisense technol ogy,
the detrimental effects of senescence, aging, or PCD. Maternal inheritance of herbicide
resistance via chloroplast engineering, or hyperexpression of letha insecticidal proteins
(other than the Bt (Bacillus thuringiensis) gene product) provides new genetic solutions to
biocontrol of infectious agents in development of phytosanitary control.

PCD in plants is well documented, and it is not only synonymous with senescence
(leaf and flower), but is also afundamental part of a plant’s adaptation to stresses, such as
reactive oxygen species. Thetermination of aflower involvestwo overlapping mechanisms
(Rubinstein, 2000), one being petals that abscise before the majority of their cels initiate
acell death program, and where abscission may occur before or during the mobilization of
food reserves to other parts of the plant. In the second, the petals are more persistent, and
cell deterioration and food remobilization occur while the petals are still part of the flower.
One way of countering the effects of pathogen-induced PCD is through the use of caspase
inhibitors in the cut flower medium (Richael et al., 2001).
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Numerous ethylene-insensitive mutants, such as Arabidopsis thaliana etrl-1 or ein-2,
or never ripe tomato mutants exist (Zacarias et a., 1999). Flowers could be engineered to
produce reduced levels of ethylene by introduction of an antisense ACC-oxidase transgene,
asoccursintomatoes (FLAVR SAVR®), driven by aflower or senescence-specific promoter
(John et al., 1995; Wilkinson et al., 1997; Bleecker et al., 1998; Zacarias et al., 1999).
Transgenic fruits containing ACC deaminase and antisense ACC synthase, ACC oxidase,
and polyphenol oxidase have been produced, the first three reducing ethylene production
and slowing ripening, the last reducing browning of damaged tissue (Floreset al., 2001).

When the endogenous cytokinin status is manipulated through transgenic intervention,
a stay-green phenotype can be obtained, as occurred in the fusion of ipt, an Agrobacterium
gene encoding a limiting step in cytokinin biosynthesis, to an Arabidopsis See (SAG12)
promoter (Ganand Amasino, 1997). Greennesscan also bealtered (delay in leaf senescence)
by downregulating the production of a senescence-promoting hormone, as seen in tomato
plants in which ethylene biosynthesis is inhibited by antisense suppression of the gene for
ACC oxidase (John et al., 1995).

4.16.1 Genetic manipulation

Within flower species and cultivars, there is great variability in ethylene sensitivity (of the
flowers). This implies that breeding toward less sensitive flowers is possible. In fact, al-
most al modern carnation cultivars are much less sensitive to ethylene than the cultivar
“White Sim” that has been used over the years to study ethylene-induced senescence. In
many flowers, breeding programs aiming at a better vase life may (unintentionally) target
the ethylene biosynthesis and perception processes. To the best of our knowledge, breeding
of plants that are highly insensitive to ethylene in fully developed flowers has not been
successful so far. A few attempts to produce plants with ethylene insensitive flowers, or
with low production of endogenous ethylene, have been performed (Onozaki et al., 2001).
Facilitated by the detailed knowledge of ethylene production and perception in plants,
several attempts have been made to produce plants with prolonged flower life by genetic
transformation. The first experiments in this line of work were based on ACC oxidase
(ACOQ), the last enzyme in the ethylene biosynthetic pathway. Savin et al. (1995) trans-
formed carnation with a construct in which an antisense sequence of the carnation ACO
gene was placed under control of a constitutive promoter. This resulted in a few plants
with dramatically reduced ethylene production during flower senescence, and with flower
longevity of 8-9 days for cut flowers compared to 5 days for the nontransformed flowers.
An attempt to use thistechniquein Begonia failed (Einset and Kopperud, 1995). Transgenic
plants were obtained, but they did not show prolonged flower life. The ornamental Torenia
Jfournieri has been successfully transformed using both sense and antisense ACC-oxidase
gene constructs (Aida et a., 1998). The transgenic plants showed slight but significant
enhancement of flower longevity. Carnations with reduced ACC-synthase activity using
a cosuppression technique were produced at Florigene (Michadl et al., 1993; patent no.
WQ09635792, transgenic carnations exhibit prolonged postharvest life). Transgenic flowers
had a much longer vase life than wild type, but also showed problemsrelated to a decreased
resistance to fungal pathogens. Till now, these products have not yet entered the market.
The first attempt to block the function of the ethylene receptor was done by Hua et al.
(1995) using amutated Arabidopsis ers gene. Transgenic Arabidopsis plants showed strong
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tolerance to endogenous ethylene. Much more work has been done using the mutated dom-
inant ethylene-resistance gene etr1-1 from Arabidopsis. Early experiments with this gene
were donein Petunia (Wilkinson et a., 1997; Clark et al., 1999; Gubrium et al., 2000) and
continued by Celvenger et a. (2004). In these very thorough experiments, a CaMV 35S::
etrl-1 construct was used, resulting in constitutive expression of the etr/-1 gene. The re-
sults showed that etrl-1 from Arabidopsis conferred ethylene insensitivity to the plants,
but also that congtitutive expression of the gene gave some additional effects that, though
expected, are unacceptable from a grower’s point of view. The effect of the transforma-
tion proved to be dependent on the genetic background and on the temperature the plants
were kept.

Typical effects observed in these plants were poor root development of cuttings, lower
seed weight, less efficient seed germination, less efficient rooting and delayed growth of
seedlings, slightly faster flowering, enhanced ethylene production in pollinated flowers,
delayed flower abscission, delayed fruit ripening, and delayed flower senescence.

Delayed flower senescence was seen both in the presence and absence of ethylene,
and both in pollinated and nonpollinated flowers. From a grower’s point of view, the most
interesting of these effects is the delayed senescence and abscission of flowers; the poor
rooting ability of cuttingsis the most unacceptable. Most of these effects can be explained
by the role ethylene plays at the different developmental stages. The enhanced ethylene
production in flowers probably is due to the uncoupling of the feedback from the plant’s
reaction to pollination.

Shaw et a. (2002) have achieved ethylene-insensitive Petunia using a mutated ers
homolog from Brassica oleracea (boers). The results from this experiment resemble those
mentioned above, except for a higher mortality, due to a higher susceptibility to fungal
diseases. Thisisnot asurprising result, asethyleneisknownto play arolein defense against
pathogens. Also, these plants showed prolonged flower longevity. The ornamental Nemesia
strumosa has aso been transformed for enhanced flower longevity by altered ethylene
perception controlled by a constitutive promoter (Cui et al., 2004). In this case the plants
weretransformed with amutated etr1-homolog from melon. The genein question contained
amutation resembling that of etr1-1from Arabidopsis. Wilkinson et al. (1997) suggested the
use of tissue-specific promotersin order to avoid the unintended side effects due to the use
of the constitutive CaMV 35S promoter. Bovy et a. (1999) followed this recommendation
when they used aflower-specific promoter from Petunia (fbpl) intheir attempt to transform
carnation with etr1-1. The resulting plants showed strong insensitivity to ethylene without
the unwanted side effects of earlier experiments, though not all agronomical aspects were
investigated.

The gene construct used in the latter experiment has also been used in the transforma-
tion of Campanula carpatica. A very effective method for transformation and regeneration
of this species has been developed (Sriskandargjah et al., 2001; Frello et al., 2002), and a
number of transformed plants have been obtained and transferred to soil (Sriskandargjah
et al., 2004). Another line of experiments have been carried out in Petunia by Chang et a.
(2003). They used a construct (Psagl2-1PT) containing a promoter from a senescence-
associated gene coupled to a cytokinin biosynthetic gene from Agrobacterium tumefa-
ciens to control the cytokinin production of senescing flowers. Several simultaneous effects
were seen: the cytokinin level was enhanced, and this was accompanied by a delay in
ethylene production and by enhanced ethylene tolerance of the flowers of the transgenic
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plants. In concert, these changes gave adramatic effect: the flower longevity was prolonged
with approximately 100% in nonpollinated flowers and approximately 450% in pollinated
flowers.

4.17 Breeding/genetic modification to improve postharvest quality

To date, use of genetransfer technology to delay flower senescence has highlighted the need
for tightly regulated transgene expression to avoid affecting other nontarget devel opmental
processes, particularly in the modification of plant hormone levels (e.g., poor rooting and
lower disease resistance in ethylene-insensitive plants) (Clark et al., 1999; Shaw et al.,
2002). Thus, the need for tissue-specific promotersis paramount for exploiting this avenue
of crop development in commercialy important cultivars. Alternatively, modifying the
expression of metabolic genes may produce satisfactory postharvest improvements without
the need to alter hormone biosynthesis or perception, which may have plei otrophic effects.
Pollen sterility in flowersinnately lowers pollen-induced senescence signals, and may make
currently unsuitable flowers suitable for cut flower cropping without needing antiethylene
treatments. The use of traditional breeding to select for genetic improvement of vase life
may progress more rapidly as genetic markers for “long life” are identified and as gene
transfer technol ogies provide away to improve the postharvest characteristics of cropswith
low genetic diversity.

4.18 Future perspectives

Thereis little doubt that the molecular and genetic analyses of flower senescence made in
the past 5 years have raised our awareness of the complex interactions that occur to regulate
flower devel opment and senescence. Genetic technol ogies have enabled scientiststo search
for senescence-related genes in plants often described as science models (e.g., Petunia,
Arabidopsis), and then translate the data into other species to determine the functional
significance of the expression of specific genesin specific tissues after harvest. Interactions
between ethylene, cytokinin, sugars, and various hydrolytic enzymes are now known to
differentially mediate the progression of flower senescence. The individual importance of
each signal appearsto be species specific and, in someinstances, variety specific, and varies
differentially between floral organs. The challenge for postharvest scientistsisto identify a
hierarchy of regulators or a specific pattern of eventsthat progresses senescence for certain
groupsof flower species. Subsequent categorization of cut flowersbased ontheir metabolism
and sensitivities will enable targeted application of appropriate postharvest technologies.

References

Abeles, F.B., Morgan, PW., and Saltveit, M.E., Jr 1992. Ethylene in Plant Biology, Academic Press, London.

Aida, R., Yoshida, T., Ichimura, K., Goto, R., and Shibata, M. 1998. Extension of flower longevity in transgenic
Torenia plantsincorporating ACC oxidase transgene. Plant Sci., 138: 91-101.

Arora, A. 2005. Ethylene receptors and molecular mechanism of ethylene sensitivity in plants. Curr. Sci., 89:
1348-1361.

Arora, A. and Ezura, H. 2003. Isolation, molecular characterization and regulation of cysteine protease gene in
Gladiolus grandiflo a. Mol. Cell. Proteomics, 2: 746.

Arora, A., Sairam, R.K., and Srivastava, G.C. 2002. Oxidative stress and antioxidative systemin plants. Curr. Sci.,
82: 1227-1238.



BIOCHEMISTRY OF FLOWER SENESCENCE 77

Arora, A. and Singh, V.P. 2004. Cysteine protease gene expression and proteolytic activity during floral develop-
ment and senescence in ethylene-insensitive Gladiolus. J. Plant Biochem. Biotechnoal., 13: 123-126.

Arora, A. and Singh, V.P. 2006. Polyols regulate the flower senescence by delaying programmed cell death in
Gladiolus. J. Plant Biochem. Biotechnol., 15: 139-142.

Arora, A., Watanabe, S., Ma, B., Takada, K., and Ezura, H. 2006. A novel ethylene receptor homolog gene
isolated from ethylene-insensitive flowers of gladiolus (Gladiolus grandiflo a hort.). Biochem. Biophys. Res.
Commun., 351: 739-744.

Badiyan, D., Wills, R.B.H., and Bowyer, M.C. 2004. Use of anitric oxide donor compound to extend the vase life
of cut flowers. Hort Science, 39:1371-1372.

Baker, J.E. 1983. Preservation of cut flowers. In: Plant Growth Regulating Chemicals (ed., L.G. Nickell), CRC
Press, Boca Raton, FL, pp. 177-191.

BalibreaLara, M.E., Gonzalez Garcia, M .-C., Fatima, T., Ehness, R., Lee, T.K., Proels, R., Tanner, W., and Roitsch,
T. 2004. Extracellular invertase is an essential component of cytokinin-mediated delay of senescence. Plant
Cell, 16: 1276-1287.

Barry, C.S., Blume, B., Bouzayen, M., Cooper, W., Hamilton, A.J., and Grierson, D. 1996. Differential expression
of the I-aminocyclopropane-I-carboxylate oxidase gene family of tomato. Plant J., 9: 525-535.

Bartali, C.G., Simontacchi, M., Montaldi, E., and Puntarulo, S. 1996. Oxidative stress, antioxidant capacity and
ethylene production during ageing of cut carnation (Dianthus caryophyllus) petals. J. Exp. Bot., 47: 595-601.

Becker, W. and Apel, K. 1993. Differences in gene expression between natural and artificialy induced leaf
senescence. Planta, 189: 74-79.

Bieleski, R.L. 2000. The bigger picture—phloem seen through horticultural eyes. Aust. J. Plant Physiol., 27:
615-624.

Bleecker, A.B.,Estelle, M.A., Somerville, S., and Kende, H. 1998. | nsensitivity to ethylene conferred by adominant
mutation in Arabidopsis thaliana. Science, 241: 1086—1089.

Borochov, A. and Woodson, W.R. 1989. Physiology and biochemistry of flower petal senescence. Hort. Rev., 11:
15-43.

Bovy, A.G., Angenent, G.C., Dons, H.J.M., and van Altvorst, A.-C. 1999. Heterologous expression of the Ara-
bidopsis etrl-1 allele inhibits the senescence of carnation flowers. Mol. Breed., 5: 301-308.

Brady, C.J. 1988. Nucleic acid and protein synthesis. In: Senescence and Aging in Plants (ed., L.D. Nooden),
Academic Press, San Diego, pp. 281-328.

Brandt, A.S. and Woodson, W.R. 1992. Variation in flower senescence and ethyl ene biosynthesisamong carnations.
HortScience, 27: 1100-1102.

Breeze, E., Wagstaff, C., Harrison, E., Bramke, |, Rogers, H.J., Stead, A.D., Thomas, B., and Buchanan-Wollaston,
V. 2004. Gene expression patterns to define stages of postharvest senescence in Alstroemeria petals. Plant
Biotechnol. J., 2: 155-168.

Brenner, W.G., Romanov, G.A., Kollmer, |., Burkle, L., and Schmulling, T. 2005. Immediate-early and delayed
cytokinin response genes of Arabidopsis thaliana identified by genome-wide expression profiling reveal novel
cytokinin-sensitive processes and suggest cytokinin action through transcriptional cascades. Plant J., 44: 314—
333.

Brummell, D.A. and Harpster, M.H. 2001. Cell wall metabolism in fruit softening and quality and its manipulation
in transgenic plants. Plant Mal. Biol., 47: 311-339.

Brummell, D.A., Harpster, M.H., Civello, PM., Palys, JM., Bennet, A.B., and Dunsmuir, P. 1999. M odification of
expansin protein abundance in tomato fruit alters softening and cell wall polymer metabolism during ripening.
Plant Cell, 11: 2203-2216.

Buchanan-Wollaston, V. 1994. Isolation of cDNA clones for genes that are expressed during leaf senescence in
Brassica napus. |dentification of a gene encoding a senescence-specific metallothionein-like protein. Plant
Physiol., 105: 839-846.

Buchanan-Wollaston, V. 1997. The molecular biology of leaf senescence. J. Exp. Bot., 48: 181-199.

Buchanan-Wollaston, V. and Ainsworth, C. 1997. Leaf senescence in Brassica napus: cloning of senescence-
related genes by subtractive hybridization. Plant Mol. Biol., 33: 821-834.

Burg, S.P. and Burg, E.A. 1967. Molecular requirements for the biological activity of ethylene. Plant Physial., 42:
144-152.

Celvenger, D.J., Barret, JE., Klee, JH., and Clark, D.G. 2004. Factors affecting seed production in transgenic
ethylene-insensitive Petunias. J. Am. Soc. Hort. Sci., 129: 401-406.

Chang, C. 2003. Ethylene signaling: the MAPK module has finally landed. Trends Plant Sci., 8: 365-368.

Chang, C., Kwok, S.F,, Bleecker, A.B., and Meyerowitz, E.M. 1993. 4rabidopsis ethylene-response gene ETR1:
similarity of product to two component regulators. Science, 262: 539-544.



78 POSTHARVEST BIOLOGY & TECHNOLOGY OF FRUITS, VEGETABLES, & FLOWERS

Chang, H., Jones, M.L., Banowetz, G.M., and Clark, D.G. 2003. Overproduction of cytokininsin petuniaflowers
transformed with PSAG12-1PT delays corollasenescence and decreases sensitivity to ethylene. Plant Physiol.,
132: 2174-2183.

Channeliere, S., Riviere, S., Scalliet, G., Szecs, J., Jullien, F, Dalle, C., Vergne, P, Dumas, C., Bendahmane, M.,
Hugueney, P, and Cock, J.M. 2002. Analysis of gene expression in rose petal s using expressed sequence tags.
FEBS Lett., 515: 35-38.

Chen, Y.-F,, Etheridge, N., and Schaller, G.E. 2005. Ethylene signal transduction. Ann. Bot., 95: 901-915.

Clark, D.G., Dervinis, C., Barrett, JE., Klee, H.J., and Jones, M.L. 2004. Drought induced leaf senescence and
horticultural performance of transgenic PSAG12-/PT petunias. J. Am. Soc. Hort. Sci., 129: 93-99.

Clark, D.G., Gubrium, E.K., Barrett, J.E., Néll, T.A., and Klee, H.J. 1999. Root formation in ethylene-insensitive
plants. Plant Physiol., 121: 53-59.

Clarke, A.K. 2005. Plant proteases—an appetite for destruction. Physiol. Plant., 123: 359-361.

Cook, D., Rasche, M., and Eisinger, W. 1985. Regulation of ethylene biosynthesis and action in cut carnation
flower senescence by cytokinins. J. Am. Soc. Hort. Sci., 110: 24-27.

Cosgrove, D.J. 2000. Expansive growth of plant cell walls. Plant Physiol. Biochem., 38: 109-124.

Cui, M.L., Tekada, K., Ma, B., and Ezura, H. 2004. Overexpression of a mutated melon ethylene receptor gene
Cm-ETRL/H69A confers reduced ethylene sensitivity in a heterologous plant, Nemesia strumosa. Plant Sci.,
167: 253-258.

Davies, K.M. and Grierson, D. 1989. Identification of cDNA clones for tomato (Lycopersicon esculentum Mill.)
mRNAs that accumulate during fruit ripening and leaf senescence in response to ethylene. Planta, 179: 73-80.

DellaPenna, D., Lincoln, J.E., Fischer, R.L., and Bennett, A.B. 1989. Transcriptional analysisof polygalacturonase
and other ripening associated genes in Rutgers, 7in, nor and Nr tomato fruit. Plant Physiol., 90: 1372-1377.

Dervinis, C. 1999. Genetic Transformation of Petunia hybrida for Delayed Leaf Senescence using PSAG12-IPT.
MS thesis, University of Florida, Gainesville.

Devetten, N.C., Huber, D.J., and Gross, K.C. 1991. Endoglycanase-catal yzed degradation of hemicellulosesduring
development of carnation (Dianthus caryophyllus L) petals. Plant Physiol., 95: 853-860.

de Wild, H.P, Balk, PA., Fernandes, E.C.A., and Peppelenbos, H.W. 2005. The action site of carbon dioxide in
relation to inhibition of ethylene production in tomato fruit. Postharvest Biol. Technol., 36: 273-280.

Drake, R., John, |., Farrell, A., Cooper, W., Schuch, W., and Grierson, D. 1996. |solation and analysis of cDNAs
encoding tomato cysteine proteases expressed during leaf senescence. Plant Mol. Biol., 30: 755-767.

Eason, JR., Ryan, D.J., Pinkey, T.T., and Donoghue, E.M.O. 2002. Programmed cell death during flower senes-
cence: isolation and characterization of cysteine proteinases from Sandersonia aurantiaca. Funct. Plant Biol.,
29: 1055-1064.

Eason, JR., Ryan, D.J., Watson, L.M., Hedderley, D., Christey, M.C., Braun, R.H., and Coupe, S.A. 2005.
Suppression of the cysteine protease, aleurain, delaysfloret senescencein Brassica oleracea. Plant Mal. Bial.,
57: 645-657.

Einset, JW. and Kopperud, C. 1995. Antisense ethylene genes for Begonia flowers. ActaHort., 405: 190-195.

Ezhilmathi, K., Singh, V.P. Arora, A., and Sairam, R.K. 2007. Effect of 5-sulfosalicylic acid on antioxidant activity
inrelation to vase life of Gladiolus cut flowers. Plant Growth Regul., 51: 99-108.

Ferreira, F.J. and Kieber, J.J. 2005. Cytokinin signalling. Curr. Opin. Plant Biol., 8: 518-525.

Flores, F.B., Martinez-Madrid, M.C., Sanchez-Hidalgo, F.J., and Romojaro, F. 2001. Differential rind and pulp
ripening of transgenic antisense ACC oxidase melon. Plant Physiol. Biochem., 39: 37-43.

Frello, S., Stummann, B.M., and Serek, M. 2002. Shoot regeneration of Campanula carpatica Jacq. (Campanu-
laceae) via callus phase. Sci. Hort., 93: 85-90.

Friedman, H., Hagiladi, A., Resnick, N., Barak, A., and Umiel, N. 2001. Ethylene insensitive related pheno-
types exist naturally in a genetically variable population of Dianthus barbatus. Theor. Appl. Genet., 103:
282-287.

Fukuchi-Mizutani, M., Ishiguro, K., Nakayama, T., Utsunomiya, Y., Kusumi, T., and Ueda, T. 2000. Molecular
and functiona characterization of a rose lipoxygenase cDNA related to flower senescence. Plant Sci., 160:
129-137.

Gan, S. and Amasino, R.M. 1995. Inhibition of leaf senescence by autoregulated production of cytokinin. Science,
270: 1986-1988.

Gan, S. and Amasino, R.M. 1997. Making sense of senescence. Plant Physiol., 113: 313-319.

Gibson, S.I. 2004. Sugar and phytohormone response pathways: navigating asignalling network. J. Exp. Bot., 55:
253-264.

Gookin, T.E., Hunter, D.A., and Reid, M.S. 2003. Temporal analysis of alphaand beta-expansin expression during
floral opening and senescence. Plant Sci., 164: 769-781.



BIOCHEMISTRY OF FLOWER SENESCENCE 79

Gottwald, J.R., Krysan, PJ, Young, J.C., Evert, R.F.,, and Sussman, M.R. 2000. Genetic evidence for the in
planta role of phloem-specific plasma membrane sucrose transporters. Proc. Natl. Acad. Sci. U.SA., 97:
13979-13984.

Gray, J., Picton, S., Shabbeer, J., Schuch, W., and Grierson, D. 1992. Molecular biology of fruit ripening and its
manipulation with antisense genes. Plant Mal. Biol., 19: 69-87.

Grbic, V. and Bleecker, A.B. 1995. Ethylene regulates the timing of leaf senescence in Arabidopsis. Plant J., 8:
595-602.

Gubrium, E.K., Clevenger, D.J., Clark, D.G., Barret, J.E., and Neil, T.A. 2000. Reproduction and horticultural
performance of transgenic ethylene insensitive Petunias. J. Am. Soc. Hort. Sci., 125: 277-281.

Guerrero, C., delaCalle, M., Reid, M.S., and Valpuesta, V. 1998. Analysis of the expression of two thiolprotease
genes from daylily (Hemerocallis spp.) during flower senescence. Plant Mol. Bial., 36: 565-571.

Guiamet, J.J., Pichersky, E., and Nooden, L.D. 1999. Mass exodus from senescing soybean chloroplasts. Plant
Cell Physiol., 40: 986-992.

Hall, A.E., Chen, Q.G., Findell, J.L., Schaller, G.E., and Bleecker, A.B. 1999. The relationship between ethylene
binding and dominant insensitivity conferred by mutant forms of the ETR1 ethylene receptor. Plant Physiol.,
121: 291-299.

Hamilton, A.J., Bouzayen, M., and Grierson, D. 1991. Identification of a tomato gene for the ethylene-forming
enzyme by expression in yeast. Proc. Natl. Acad. Sci. U.SA., 88: 7434-7437.

Hanfrey, C., Fife, M., and Buchanan-Wollaston, V. 1996. Leaf senescence in Brassica napus: expression of genes
encoding pathogenesis-related proteins. Plant Mol. Bial., 30: 597-609.

He, Y., Tang, W., Swain, J.D., Green, A.L., Jack, T.P, and Gan, S. 2001. Networking senescence-regulating
pathways by using Arabidopsis enhancer trap lines. Plant Physiol., 126: 707—716.

Hoeberichts, FA., de Jong, A.J., and Woltering, E.J. 2005. Apoptotic-like cell death marks the early stages of
gypsophila (Gypsophila paniculata) petal senescence. Postharvest Biol. Technal., 35: 229-236.

Hong, Y., Wang, T.W., Hudak, K.A., Schade, F., Froese, C.D., and Thompson, J.E. 2000. An ethylene-induced
cDNA encoding alipase expressed at the onset of senescence. Proc. Natl. Acad. Sci. U.S.A., 97: 8717-8722.

Hua, J., Chang, C., Sun, Q., and Meyerowitz, E.M. 1995. Ethylene insensitivity conferred by Arabidopsis ERS
gene. Science, 269: 1712-1714.

Hunter, D.A., Steele, B.C., and Reid, M.S. 2002. | dentification of genes associated with perianth senescence in
daffodil (Narcissus pseudonarcissus L.). Plant Sci., 163: 13-21.

lordachescu, M. and Verlinden, S. 2005. Transcriptional regulation of three EIN3-like genesof carnation (Dianthus
caryophyllus L. cv. improved White Sim) during flower development and upon wounding, pollination, and
ethylene exposure. J. Exp. Bot., 56: 2011-2018.

John, I, Drake, R., Farrell, A., Cooper, W., Lee, P, Horton, P, and Grierson, D. (1995). Delayed |eaf senescence
in ethylene deficient ACC-oxidase antisense tomato plants: molecular and physiological analysis. Plant J., 7:
483-490.

John, I., Hackett, R., Cooper, W., Drake, R., Farrell, A., and Grierson, D. 1997. Cloning and characterization of
tomato leaf senescence-related cDNAS. Plant Mol. Bial., 33: 641-651.

Jones, M.L., Chaffin, G.S., Eason, JR., and Clark, D.G. 2005. Ethylene-sensitivity regulates proteolytic activity
and cysteine protease gene expression in petunia corallas. J. Exp. Bot., 56: 2733-2744.

Jones, M.L., Larsen, PB., and Woodson, W.R. 1995. Ethylene-regulated expression of a carnation cysteine pro-
teinase during flower petal senescence. Plant Mol. Biol., 28: 505-512.

Jones, M.L. and Woodson, W.R. 1999. Differential expression of three members of the I-aminocyclopropane-1-
carboxylate synthase gene family in carnation. Plant Physiol., 119: 755-764.

Jordi, W., Schapendonk, A., Davelaar, E., Stoopen, G.M., Pot, C.S,, De Visser, R., Van Rhijn, JA., Gan, S,
and Amasino, R.M. 2000. Increased cytokinin levels in transgenic P-SAG12-1PT tobacco plants have large
direct and indirect effects on leaf senescence, photosynthesis and N partitioning. Plant Cell Environ., 23:
279-289.

Jordi, W., Stoppen, G.M., Argiroudi, |., In't-Velt, E., Heinen, P, and Van Tall, H. 1996. Accumulation of a50-kDA
protein during leaf senescence of Alstroemeria cut flowering stems. Physiol. Plant, 98: 819-823.

Joyce, D.C., Meara, SA., Hetherington, S.E., and Jones, P. 2000. Effects of cold storage on cut Grevillea “ Sylvia’
inflorescences. Postharvest Biol. Technol., 18: 49-56.

Kamerbeek, G.A. and De Munk, W.J. 1976. A review of ethylene effectsin bulbous plants. Sci Hort., 4: 101-115.

Kebenei, Z., Sider, E.C., Winkelmann, T., and Serek, M. 2003. Efficacy of new inhibitors of ethylene perception
in improvement of display life of Kalanchoe (Kalanchoe blossfeldiana Poelln.) flowers. Postharvest Biol.
Technol., 30: 169-176.

Kende, H. 1993. Ethylene biosynthesis. Ann. Rev. Plant Physial., 44: 283-307.



80 POSTHARVEST BIOLOGY & TECHNOLOGY OF FRUITS, VEGETABLES, & FLOWERS

Knee, M. 1995. Copper reverses silver inhibition of flower senescence in Petunia hybrida. Postharvest Biol.
Technol., 6:121-128.

Kosugi, Y., Shibuya, K., Tsuruno, N., lwazaki, Y., Mochizuki, A., Yoshioka, T., Hashiba, T., and Satoh, S. 2000.
Expression of genes responsible for ethylene production and wilting are differently regulated in carnation
(Dianthus caryophyllus L.) petals. Plant Sci., 158: 139-145.

Kuriyama, H. and Fukuda, H. 2002. Developmental programmed cell death in plants. Curr. Opin. Plant Biol., 5:
568-573.

Lam, E. 2005. Vacuolar proteases livening up programmed cell death. Trends Cell Bial., 15: 124-127.

Lanahan, M.B., Yen, H.C., Giovannoni, J.J., and Klee, H.l. 1994. The Never Ripe mutation blocks ethylene
perception in tomato. Plant Cell, 6: 521-530.

Lawton, K.A., Raghothama, K.G., Goldsbrough, P.B., and Woodson, W.R. 1990. Regulation of senescence-related
gene expression in carnation flower petals by ethylene. Plant Physiol., 93: 1370-1375.

Leverentz, M K., Wagstaff, C., Rogers, H.J., Stead, A.D., Chanasut, U., Silkowski, H., Thomas, B., Weichert,
H., Feussner, |., and Griffiths, G. 2002. Characterization of a novel lipoxygenase-independent senescence
mechanism in Alstroemeria peruviana flora tissue. Plant Physiol., 130: 273-283.

Lohman, K.N., Gan, S, John, M.C., and Amasino, R.M. 1994. Molecular analysis of natural leaf senescence in
Arabidopsis thaliana. Physiol. Plant, 92: 322—-328.

Macnish, A.J,, Joyce, D.C., Irving, D.E., and Wearing, A.H. 2004. A simple sustained release device for the
ethylene binding inhibitor 1-methylcyclopropene. Postharvest Biol. Technol., 32: 321-338.

Mayak, S. and Halevy, A.H. 1970. Cytokinin activity in rose petals and its relation to senescence. Plant Physial.,
46: 497-499.

Mayak, S. and Halevy, A.H. 1974. The action of kinetin in improving the water balance and delaying senescence
processes of cut rose flowers. Physiol. Plant, 32: 330-336.

Mayak, S., Halevy, A.H., and Katz, M. 1972. Correlative changes in phytohormones in relation to senescence
processes in rose petals. Physiol. Plant, 27: 1-4.

Mayak, S. and Tirosh, T. 1993. Unusual ethylene-related behavior in senescing flowers of the carnation sandrosa
Physiol. Plant, 88: 420-426.

McCabe, M.S., Garratt, L.C., Schepers, F., Jordi, W.JR.M., Stoopen, G.M., Davelaar, E., Van Rhijn, JH.A.,
Power, J.B., and Davey, M.R. 2001. Effects of P-SAG12-1PT gene expression on development and senescence
in transgenic lettuce. Plant Physiol., 127: 505-512.

Medford, J.I., Horgan, R., El-Sawi, Z., and Klee, H.J. 1989. Alterations of endogenous cytokinins in transgenic
plants using a chimeric isopenteny! transferase gene. Plant Cell, 1: 403-413.

Medina-Suarez, R., Manning, K., Fletcher, |., Aked, ., Bird, C.R., and Seymour, G.B. 1997. Gene expression in
the pulp of ripening bananas. Plant Physiol., 115: 453-461.

Meir, S, Droby, S., Davidson, H., Alsevia, S., Cohen, L., Horev, B., and Philosoph-Hadas, S. 1998. Suppression
of Botrytis rot in cut rose flowers by postharvest application of methyl jasmonate. Postharvest Biol. Technol.,
13: 235-243.

Michael, M.Z., Savin, K.W., Baudinette, S.C., Graham, M.W., Chandler, S.F.,, and Lu, C.Y. 1993. Cloning of ethy-
lene biosynthetic genes involved in petal senescence of carnation and petunia, and their antisense expression
intransgenic plants. In: Cellular and Molecular Aspects of the Plant Hormone Ethylene (ed., J.C. Pech, etd.),
Kluwer Academic Publishers, Dordrecht, the Netherlands, pp. 298-303.

Morris, R.O. 1995. Genes specifying auxin and cytokinin biosynthesisin prokaryotes. In: Plant Hormones Phys-
iology, Biochemistry, and Molecular Biology (ed., PJ. Davies), Kluwer Academic Publishers, Dordrecht, the
Netherlands, pp. 318-339.

Muller, R., Andersen, A.S., and Serek, M. 1998. Differencesin display life of miniature potted roses (Rosa hybrida
L.). Sci. Hort., 76: 59-71.

Muller, R., Owen, C.A., Xue, Z.-T., Welander, M., and Stummann, B.M. 2002. Characterization of two CTR-like
protein kinases in Rosa hybrida and their expression during flower senescence and in response to ethylene. J.
Exp. Bot., 53: 1223-1225.

Nam, H.G. 1997. The molecular genetic analysis of leaf senescence. Curr. Opin. Biotechnol., 8: 200-
207.

Narumi, T., Kanno, Y., Suzuki, M., Kishimoto, S., Ohmiya, A., and Satoh, S. 2005. Cloning of a cDNA encoding
an ethylene receptor (DG-ERSL) from chrysanthemum and comparison of itsmRNA level in ethylene sensitive
and insensitive cultivars. Postharvest Biol. Technol., 36: 21-30.

Nichols, R. 1976. Cell enlargement and sugar accumul ationin the gynoecium of the glasshouse carnation (Dianthus
caryophyllus L.) induced by ethylene. Planta, 130: 47-52.



BIOCHEMISTRY OF FLOWER SENESCENCE 81

Noh, Y.S. and Amasino, R.M. 1999a. | dentification of a promoter region responsible for the senescence-specific
expression of SAG12. Plant Moal. Bial., 41: 181-194.

Noh, Y.S., and Amasino, R.M. 1999b. Regulation of developmental senescenceis conserved between Arabidopsis
and Brassica napus. Plant Mol. Biol., 41: 195-206.

Nooden, L.D. 1988. The phenomena of senescence and aging. In: Senescence and Aging in Plants (ed., L.D.
Nooden), Academic Press, San Diego, pp. 281-328.

Nukui, H., Kudo, S., Yamashita, A., and Satoh, S. 2004. Repressed ethylene production in the gynoecium of
long-lasting flowers of the carnation “White Candl€e”: role of the gynoecium in carnation flower senescence.
J. Exp. Bot., 55: 641-650.

O’ Donoghue, E.M., Eason, JR., Somerfield, S.D., and Ryan, D.A. 2005. Galactosidases in opening, senescing
and water-stressed Sandersonia aurantiaca flowers. Funct. Plant Biol., 32: 911-922.

O’ Donoghue, E.M., Somerfield, S.D., and Heyes, J.A. 2002. Organization of cell wallsin Sandersonia aurantiaca
floral tissue. J. Exp. Bot., 53: 513-523.

O’'Neill, S.D. 1997. Pollination regulation of flower development. Annu. Rev. Plant Physiol. Plant Mol. Biol., 48:
547-574.

Onozaki, T., Ikeda, H., and Yamaguchi, T. 2001. Genetic improvement of vase life of carnation flowersby crossing
and selection. Sci. Hort., 87: 107-120.

Orzaez, D. and Granell, A. 1997. The plant homologue of the defender against apoptotic death gene is down-
regulated during senescence of flower petals. FEBS Lett., 404: 275-278.

Pak, C. and van Doorn, W.G. 2005. Delay of [ris flower senescence by protease inhibitors. New Phytologist, 165:
473-480.

Panavas, T., Pikula, A., Reid, PD., Rubinstein, B., and Walker, E.L. 1999. |dentification of senescence-associated
genes from daylily petals. Plant Mol. Biol., 40: 237-248.

Panavas, T., Walker, E.L., and Rubinstein, B. 1998. Possible involvement of abscisic acid in senescence of daylily
petals. J. Exp. Bot., 49: 1987—-1997.

Paliyath, G. and Droillard, M.J. 1992. The mechanism of membrane deterioration and disassembly during senes-
cence. Plant Physiol. Biochem., 30: 789-812.

Park, J.-H., Oh, S.A.,Kim, Y.H., Woo, H.R., and Nam, H.G. 1998. Differential expression of senescence-associated
mRNAs during leaf senescence induced by different senescence-inducing factors in Arabidopsis. Plant Mol.
Biol., 37: 445454,

Patterson, S.E. 2001. Cutting loose. Abscission and dehiscence in Arabidopsis. Plant Physiol., 126: 494-500.

Paull, R.E. and Chantrachit, T. 2001. Benzyladenine and the vase life of tropical ornamentals. Postharvest Biol.
Technol., 21: 303-310.

Quirino, B.F,, Noh, Y.S,, Himelblau, E., and Amasino, R.M. 2000. Molecular aspects of leaf senescence. Trends
Plant Sci., 5: 278-282.

Quirino, B.F., Normanly, J., and Amasino, R.M. 1999. Diverse range of gene activity during Arabidopsis thaliana
leaf senescence includes pathogen-independent induction of defense-related genes. Plant Mol. Bioal., 40: 267—
278.

Rashotte, A.M., Chae, H.S., Maxwell, B.B., and Kieber, J.J. 2005. Theinteraction of cytokinin with other signals.
Physiol. Plantarum, 123: 184-194.

Reid, M.S. 1985. Ethylene and abscission. HortScience, 20: 45-49.

Reid, M.S,, Evans, R.Y., and Dodge, L.L. 1989. Ethylene and silver thiosul phate influence opening of cut rose
flowers. J. Am. Soc Hort. Sci., 114: 436-440.

Reid, M.S. and Serek, M. 1999. Guide to Food Transport—Controlled Atmosphere, Mercantila Publishers, Copen-
hagen, Denmark, p. 153.

Richael, C., Lincoln, J.E., Bostock, R.M., and Gilchrist, D.G. 2001. Caspase inhibitors reduce symptom de-
velopment and limit bacterial proliferation in susceptible plant tissues. Physiol. Mol. Plant Pathol., 59:
213-221.

Rodriguez, F.l., Esch, J.J., Hall, A.E., Binder, B.M., Schaller, G.E., and Bleecker, A.B. 1999. A copper cofactor
for the ethylene receptor etrl from Arabidopsis. Science, 283: 996-998.

Rolland, F., Moore, B., and Sheen, J. 2002. Sugar sensing and signalling in plants. Plant Cell, 14: S185-S205.

Ronen, M. and Mayak, S. 1981. Interrelationship between abscisic acid and ethylene in the control of senescence
processes in carnation flowers. J. Exp. Bot., 32; 759-765.

Rubinstein, B. 2000. Regulation of cell death in flower petals. Plant Mol. Bial., 44: 303-318.

Saha, S., Nagar, PK., and Sircar, PK. 1985. Changesin cytokinin activity during flower development of Cosmos
sulphureus Cav. Plant Growth Regul., 3: 27-35.



82 POSTHARVEST BIOLOGY & TECHNOLOGY OF FRUITS, VEGETABLES, & FLOWERS

Savin, K.W., Baudinette, S.C., Graham, M.W., Michael, M.Z., Nugent, G.D., Lu, C.Y., et al. 1995. Antisense ACC
oxidase RNA delays carnation petal senescence. HortScience, 30: 970-972.

Schmulling, T., Rupp, H.-M., Frank, M., and Schafer, S. 1999. Recent advances in cytokinin research: receptor
candidates, primary response genes, mutantsand transgenic plants. In: Advances in Regulation of Plant Growth
and Development (eds, M. Strnad, P. Pec and E. Beck), Peres Publishers, Prague, pp. 85-96.

Schroeder, K.R., Stimart, D.P, and Nordheim, E.V. 2001. Response of Nicotiana alata to insertion of an autoreg-
ulated senescence-inhibition gene. J. Am. Soc. Hort. Sci., 126: 523-530.

Serek, M. and Reid, M.S. 1993. Anti-ethylene treatments for potted Christmas cactus—efficacy of inhibitors of
ethylene action and biosynthesis. HortScience, 28: 1180-1181.

Serek, M., Reid, M.S., and Sisler, E.C. 1994. A volatile ethylene inhibitor improves the postharvest life of potted
roses. J. Am. Soc. Hort. Sci., 119: 572-577.

Serrano, M., Amoros, A., Pretel, M.T., Martinez-Madrid, M.C., and Romojaro, F. 2001. Preservative solutions
containing boric acid delay senescence of carnation flowers. Postharvest Biol. Technal., 23: 133-142.

Sexton, R., Laird, G., and van Doorn, W.G. 2000. L ack of ethylene involvement in tulip tepal abscission. Physiol.
Plant, 108: 321-329.

Sexton, R., Porter, A.E., Littlgjohns, S., and Thain, S.C. 1995. Effects of diazocyclopentadiene (DACP) and silver
thiosulphate (STS) on ethylene regulated abscission of sweet pea flowers (Lathyrus odoratus L.). Ann. Bot.,
75: 337-342.

Shaw, J-F., Chen, H.-H., Tsai, M.-F,, Kuo, C.-I., and Huang, L.-C. 2002. Extended flower longevity of Petu-
nia hybrida plants transformed with boers, a mutated ERS gene of Brassica oleracea. Mol. Breed., 9:
211-216.

Shen, Q. and Ho, T.H.D. 1997. Promoter switches specific for abscisic acid (ABA)-induced gene expression in
cereals. Physiol. Plant, 101: 653-664.

Shibuya, K., Barry, K.G., Ciardi, JA., Loucas, H.M., Underwood, B.A., Nourizadeh, S., Ecker, JR., Kleg, H.J,,
and Clark, D.G. 2004. The central role of PhEIN2 in ethylene responses throughout plant development in
petunia. Plant Physiol., 136: 2900-2912.

Sin, S-F. and Chye, M.-L. 2004. Expression of proteinase inhibitor Il proteins during floral development in
Solanum americanum. Planta, 219: 1010-1022.

Singh, V.P, Kiran, D., and Arora, A. 2005a. Effect of spermine, spermidine and putrescine on the vase life and
associated parameters in two Gladiolus varieties. J. Orn. Hort., 8: 161-166.

Singh, V.P, Kiran, D., and Arora, A. 2005h. Alleviation of antioxidants activity in Gladiolus flowers during
senescence by spermine and spermidine. J. Orn. Hort., 8: 167-172.

Sider, E.C, Altwan, T., Goren, R., Serek, M., and Apelbaum, A. 2003. 1-Substituted cyclopropenes: effective
blocking agents for the ethylene action in plants. Plant Growth Regul., 40: 223-228.

Sider, E.C. and Blankenship, S. 1996. Methods of counteracting an ethyleneresponsein plants, US Patent Number,
5,518, 988.

Sider, E.C., Blankenship, S.M., Fearn, J.C., and Haynes, R. 1993. Effect of diazocyclopentadiene (DACP) on cut
carnations. In: Cellular and Molecular Aspects of Biosynthesis and Action of the Plant Hormone Ethylene,
Kluwer Academic Publishers, Dordrecht, the Netherlands, pp. 182-187.

Sider, E.C., Blankenship, S.M., and Guest, M. 1990. Competition of cyclooctenesand cyclooctadienesfor ethylene
binding and activity in plants. Plant Growth Regul., 9: 157-164.

Sider, E.C., Dupille, E., and Serek, M. 1996b. Effect of 1-methylcyclopene and methylcyclopropane on ethylene
binding and ethylene action on cut carnations. Plant Growth Regul., 18: 79-86.

Sider, E.C. and Pian, A. 1973. Effect of ethylene and cyclic olefins on tobacco leaves. Tob. Sci., 17: 68-72.

Sider, E.C., Reid, M.S,, and Yang, S.F. 1986. Effect of antagonists of ethylene action on binding of ethylenein
cut carnations. Plant Growth Regul., 4: 213-218.

Sider, E.C. and Serek, M. 1997. I nhibitorsof ethyleneresponsesin plantsat thereceptor level: recent developments.
Physiol. Plant, 100: 577-582.

Sider, E.C. and Serek, M. 1999. Compounds controlling the ethylene receptor. Bot. Bull. Acad. Sin., 40: 1-7.

Sider, E.C. and Serek, M. 2003. Compounds interacting with the ethylene receptor in plants. Plant Biol., 5:
473-480.

Sider, E.C., Serek, M., and Dupille, E. 1996a. Comparison of cyclopropene, 1-methylcyclopropene, and 3,3
dimethylcyclopropene as ethylene antagonistsin plants. Plant Growth Regul., 18: 169-174.

Sider, E.C., Serek, M., Dupille, E., and Goren, R. 1999. Inhibition of ethylene responses by 1-methylcyclopropene
and 3-methylcyclopropene. Plant Growth Regul., 27: 105-111.

Sider, E.C,, Serek, M., Roh, K.A., and Goren, R. 2001. The effect of chemical structure on the antagonism by
cyclopropenes of ethylene responses in banana. Plant Growth Regul., 33: 107-110.



BIOCHEMISTRY OF FLOWER SENESCENCE 83

Smart, C.M. 1994. Gene expression during leaf senescence. New Phytol., 126: 419-448.

Smart, C.M., Hosken, S.E., Thomas, H., Greaves, JA., Blair, B.G., and Schuch, W. 1995. The timing of maize
leaf senescence and characterization of senescence-related cDNAs. Plant Physiol., 93: 673-682.

Son, K.C., Gu, E.G., Byoun, H.J,, and Lim, JH. 1994. Effects of sucrose, BA, or aluminum sulfate in the
preservative solutions on photosynthesis, respiration, and transpiration of cut rose leaf. J. Kor. Soc. Hort. Sci.,
35: 480-486.

Sriskandarajah, S., Frello, S., Jorgensen, K., and Serek, M. 2004. Agrobacterium tumefaciens-mediated transfor-
mation of Campanula carpatica: factors affecting transformation and regeneration of transgenic shoots. Plant
Cell Rep., 23: 59-63.

Sriskandargjah, S., Frello, S., and Serek, M. 2001. I nduction of adventitiousshootsinvitroin Campanula carpatica.
Plant Cell Tissue Organ, 67: 295-298.

Stead, A.D. 1992. Pollination-induced flower senescence: areview. Plant Growth Regul., 11: 13-20.

Stepanova, A.N. and Alonso, J.M. 2005. Ethylene signalling and response pathway: a unique signalling cascade
with amultitude of inputs and outputs. Physiol. Plantarum, 123: 195-206.

Stephenson, P. and Rubinstein, B. 1998. Characterization of proteolytic activity during senescencein daylily. Plant
Physiol., 104: 463-473.

Sugawara, H., Shibuya, K., Yoshioka, T., Hashiba, T., and Satoh, S. 2002. Isacysteine proteinaseinhibitor involved
in the regulation of petal wilting in senescing carnation (Dianthus caryophyllus L.) flowers? J. Exp. Bot., 53:
407-413.

Sun, J., Niu, Q.-W., Tarkowski, P, Zheng, B., Tarkowska, D., Sandberg, G., Chua, N.-H., and Zuo, J. 2003. The
Arabidopsis AtIPT8/PGA22 gene encodes an isopentenyl transferase that is involved in de novo cytokinin
biosynthesis. Plant Physiol., 131: 167-176.

Taverner, E., Letham, D.S., Wang, J., Cornish, E., and Willcocks, D.A. 1999. Influence of ethylene on cytokinin
metabolism in relation to Petunia corolla senescence. Phytochemistry, 51: 341-347.

ten Have, A. and Woltering, E.J. 1997. Ethylene biosynthetic genes are differentially expressed during carnation
(Dianthus caryophyllus L.) flower senescence. Plant Mol. Biol., 34: 89-97.

Thomas, H., Ougham, H.J., Wagstaff, C., and Stead, A.D. 2003. Defining senescence and death. J. Exp. Bot., 54
1127-1132.

Thomas, H. and Stoddart, J.L. 1980. Leaf senescence. Ann. Rev. Plant Physiol., 31: 83-111.

Thompson, J.E. 1988. The molecular basis for membrane deterioration. In: Senescence and Aging in Plants (eds,
L.D. Nooden and A.C. Leopold), Academic Press, San Diego, pp. 51-83.

Tieman, D.M. and Klee, H.J. 1999. Differential expression of two novel members of the tomato ethylene-receptor
family. Plant Physiol., 120: 165-172.

Tournaire, C., Kushnir, S, Bauw, G, Inze, D., dela Serve, B.T., and Renaudin, J.P. 1996. A thiol protease and an
anionic peroxidase are induced by lowering cytokinins during callus growth in Petunia. Plant Physiol., 111:
159-168.

Upfold, S.J. and Van Staden, J. 1990. Cytokininsin cut carnation flowers: V1. Theeffect of zeatin and dihydrozeatin
derivatives on flower longevity. Plant Growth Regul., 9: 77-81.

Valpuesta, V., Lange, N.E., Guerrero, C., and Reid, M.S. 1995. Up-regulation of a cysteine protease accompanies
the ethylene-insensitive senescence of daylily (Hemerocallis) flowers. Plant Mol. Bial., 28: 575-582.

Van Der Meulen-Muisers, J.J.M., Van Oeveren, J.C., Jansen, J., and Van Tuyl, JM. 1999. Genetic analysis of
postharvest flower longevity in Asiatic hybrid lilies. Euphytica, 107: 149-157.

van Doorn, W.G. 2001. Categories of petal senescence and abscission: areevaluation. Ann. Bot., 87: 447-456.

van Doorn, W.G. 2004. |s petal senescence due to sugar starvation? Plant Physiol., 134: 35-42.

van Doorn, W.G., Bak, PA., van Houwelingen, A.M., Hoeberichts, FA., Hall, R.D., Vorst, O., van der Schoot,
C., and van Wordragen, M.F. 2003. Gene expression during anthesis and senescencein Iris flowers. Plant Mol.
Biol., 53: 845-863.

van Doorn, W.G., Hibma, J., and de Wit, J. 1992. Effect of exogenous hormones on leaf yellowing in cut flowering
branches of Alstroemeria pelegrina L. Plant Growth Regul., 11: 59-62.

van Doorn, W.G., Pak, C., and Buddendorf, C.J.J. 1993. Effects of surfactants on the vascular occlusion in-
duced by exposure to air in cut flowering stems of Astilbe, Bouvardia, and rose. J. Plant Physiol., 141:
251-253.

van Doorn, W.G., Sinz, A., and Tomassen, M.M. 2004. Daffodil flowers delay senescence in cut Iris flowers.
Phytochemistry, 65: 571-577.

van Doorn, W.G. and Stead, A.D. 1997. Abscission of flowers and floral parts. J. Exp. Bot., 48: 821-837.

van Doorn, W.G. and Vojinovic, A. 1996. Petal abscission in rose flowers: effects of water potential, light intensity
and light quality. Ann. Bot., 78: 619-623.



84 POSTHARVEST BIOLOGY & TECHNOLOGY OF FRUITS, VEGETABLES, & FLOWERS

van Doorn, W.G. and Woltering, E.J. 2004. Senescence and programmed cell death: substance or semantics? J.
Exp. Bot., 55: 2147-2153.

van Meeteren, U. 1979. Water relationsand keeping-quality of cut Gerberaflowers: 111. Water content, permesability
and dry weight of aging petals. Sci. Hort., 10: 261-269.

van Meeteren, U., van Gelder, H., and van leperen, W. 2000. Reconsideration of the use of deionized water as
vase water in postharvest experiments on cut flowers. Postharvest Biol. Technol., 18: 169-181.

Van Staden, J., Cook, E.L., and Nooden, L.D. 1988. Cytokinins and senescence. In: Senescence and Aging in
Plants (ed., L.D. Nooden), Academic Press, San Diego, pp. 281-328.

Van Staden, J. and Dimalla, G.G. 1980. The effect of silver thiosulfate preservative on the physiology of cut
carnations: 11. Influence of endogenous cytokinins. Z Pflanzenphysiol., 99: 19-26.

Verlinden, S., Boatright, J., and Woodson, W.R. 2002. Changes in ethylene responsiveness of senescence-related
genes during carnation flower development. Physiol. Plantarum, 116: 503-511.

Verlinden, S. and Garcia, J.J.V. 2004. Sucrose loading decreases ethylene responsiveness in carnation (Dianthus
caryophyllus cv. White Sim) petals. Postharvest Biol. Technal., 31: 305-312.

Verlinden, S. and Woodson, W.R. 1998. The physiological and molecular responses of carnation flowers to high
temperature. Postharvest Biol. Technol., 14: 185-192.

Wagstaff, C., Leverentz, M K., Griffiths, G., Thomas, B., Chanasut, U., Stead, A.D., and Rogers, H.J. 2002.
Cysteine protease gene expression and proteolytic activity during senescence of Alstroemeria petals. J. Exp.
Bot., 53: 233-240.

Wagstaff, C., Malcolm, P, Rafig, A., Leverentz, M., Griffiths, G., Thomas, B., Stead, A., and Rogers, H. 2003. Pro-
grammed cell death (PCD) processesbegin extremely early in Alstroemeria petal senescence. New Phytologist,
160: 49-59.

Wang, H. and Woodson, W.R. 1991. A flower senescence-related mRNA from carnation shares sequence similarity
with fruit ripening-related mRNAs involved in ethylene biosynthesis. Plant Physiol., 96: 1000-1001.

Weaver, L.M., Froehlich, J.F., and Amasino, R.M. 1999. Chloroplast-targeted ERD1 protein declinesbut itsmRNA
increases during senescence in Arabidopsis. Plant Physiol., 119: 1209-1216.

Weaver, L.M., Gan, S., Quirino, B., and Amasino, R.M. 1998. A comparison of the expression patterns of several
senescence-associated genesin response to stress and hormone treatment. Plant Mol. Bial., 37: 455-469.
Weaver, L.M., Himelblau, E., and Amasino, R.M. 1997. Leaf senescence: gene expression and regulation. In:
Genetic Engineering: Principles and Methods (ed., J.K. Setlow), Vol. 19, Plenum Press, New York, pp. 215—

234.

Wilkinson, J.Q., Lanahan, M.B., Clark, D.G., Bleecker, A.B., Chang, C., Meyerowitz, E.M., and Klee, H.J. 1997.
A dominant mutant receptor from Arabidopsis confers ethylene insensitivity in heterologous plants. Nat.
Biotechnol., 15: 444-447.

Wisniewski, K. and Zagdanska, B. 2001. Genotype-dependent proteolytic response of spring heat to water defi-
ciency. J. Exp. Bot., 52: 1455-1463.

Woltering, E.J. 1987. Effects of ethylene on ornamental pot plants: a classification. Sci. Hort., 31: 283-294.

Woltering, E.J. and Harkema, H. 1994. Use of AOA to prevent emasculation induced quality lossin cut flowers.
Proceedings of NIOC, pp. 139-145.

Woltering, E.J., Somhorst, D., and de Beer, C.A. 1993. Roles of ethylene production and sensitivity in senescence
of carnation flowers (Dianthus caryophyllus) cultivars White Sim, Chinera and Epomeo. J. Plant Physial.,
141: 329-335.

Woltering, E.J. andvan Doorn, W.G. 1988. Rol e of ethylenein senescenceof petals: morphol ogical and taxonomical
relationships. J. Exp. Bot., 39: 1605-1616.

Woltering, E.J., van Schaik, A.C.R., and Jongen, W.M.F. 1994. Physiology and biochemistry of controlled at-
mosphere storage: the role of ethylene. Proceedings of Cost94, the Post Harvest Treatment of Fruit and
Vegetables—Controlled Atmosphere Storage of Fruit and Vegetables, pp. 35-42.

Woodson, W.R. 1987. Changes in protein and mRNA populations during carnation petal senescence. Physiol.
Plant, 71: 495-502.

Woodson, W.R. 1994. Molecular biology of flower senescence in carnation. In: Molecular and Cellular Aspects
of Plant Reproduction (eds, R.J. Scott and A.D. Stead), Cambridge University Press, Cambridge, UK, pp.
225-267.

Woodson, W.R., Brandt, A.S., Itzhaki, H., Maxon, JM., Park, K.Y., and Wang, H. 1993. Regulation and function
of flower senescence-related genes. Acta Hort., 336: 41-46.

Woodson, W.R. and Lawton, K.A. 1988. Ethylene-induced gene expression in carnation petals: relationship to
autocatal ytic ethylene production and senescence. Plant Physiol., 87: 498-503.



BIOCHEMISTRY OF FLOWER SENESCENCE 85

Woodson, W.R., Park, K.Y., Drory, A., Larsen, PB., and Wang, H. 1992. Expression of ethylene biosynthetic
pathway transcripts in senescing carnation flowers. Plant Physiol., 99: 526-532.

Xu, Y. and Hanson, M.R. 2000. Programmed cell death during pollination-induced petal senescence in Petunia.
Plant Physiol., 122: 1323-1333.

Yamada, T., Takatsu, Y., Kasumi, M., Marubashi, W., and Ichimura, K.A. 2004. A homolog of the defender against
apoptotic death gene (DAD1) in senescing gladiolus petalsis down-regulated prior to the onset of programmed
cell death. J. Plant Physiol., 161: 1281-1283.

Zacarias, L., Withelaw, C., Grierson, D., and Roberts, J.A. 1999. Physiological analysisof flower and |eaf abscission
inantisense-ACC oxidasetomato plants. In: Biology and Biotechnology of the Plant Hormone Ethylene II (eds,
A.K. Kanéllis, C. Chang, H. Klee, A.B. Bleecker, J.C. Pech, and D. Grierson), Kluwer Academic Publishers,
Dordrecht, pp. 381-386.

Zenoni, S., Redle, L., Tornielli, G.B., Lanfaoni, L., Porceddu, A., Ferrarini, A., Moretti, C., Zamboni, A., Speghini,
A., Ferranti, F., and Pezzotti, M. 2004. Down regulation of the Petunia hybrida apha-expansin gene PhEXP1
reduces the amount of crystalline cellulose in cell walls and leads to phenotypic changes in petal limbs. Plant
Cell, 16: 295-308.

Zhang, J., Van Toai, T., Huynh, L., and Preiszner, J. 2000. Development of flooding tolerant Arabidopsis thaliana
by autoregulated cytokinin production. Mol. Breed., 6: 135-144.



Chapter 5

Programmed Cell Death during
Plant Senescence

Ajay Arora

5.1 Introduction

Programmed cell death (PCD) is now recognized as an important event in shaping plant
organs (Jonesand Dangl, 1996; Pennell and Lamb, 1997). In animal cells, programmed cell
death has been defined as cell death that isapart of the normal life cycle of the organism, is
triggered by specific physiological signals, and involves de novo gene transcription (Ellis
et al., 1991). This distinction is important in differentiating developmental PCD from
necrotic cell death that may occur as a result of injury or exposure to toxic substances.
In plants, an important response to pathogenic attack is the hypersensitive response (HR)
in which selected cells around the site of infection undergo PCD to prevent spread of the
pathogen. Although the cellular features of HR-PCD show many similarities to develop-
mental PCD, this area has been reviewed (Greenberg and Yao, 2004) and will not be dealt
with in detail here. In plants, it is aso important to distinguish between PCD and senes-
cence, terms that have led to much controversy in this field and have been the focus (van
Doorn and Woltering, 2004). In this chapter, PCD will be used to indicate cellular death
as opposed to the death of whole organs or individuals. In some plant organs, the effect
of PCD is particularly evident. Thus, whereas in animals sculpting of the fingers is often
guoted as the classic example of the action of programmed cell death in organ develop-
ment, in plants an obvious example is the prominent holesin the leaves of the house plant
Monstera (Melville and Wrigley, 1969). In animal cells at least two forms of PCD have
been described: apoptosis and autophagy. A humber of cytological features describe apop-
tosis. These include nuclear condensation and marginalization, chromatin condensation,
followed by fragmentation of DNA into nucleosomal units known as DNA laddering, and
the formation of membrane inclusions known as apoptotic bodies. In animals, the apop-
tosed cell remains are finally engulfed by neighboring cells through phagocytosis and the
cell corpse disappears (Cohen, 1993). In a few cases, PCD may be defined as truly au-
tonomous as in the very tightly regulated cell death in Caenorhabditis elegans (Yuan and
Horvitz, 1990). However, in many cases, signals external to the cell, such as changes in
hormone levels, trigger PCD (Cohen, 1993). Once PCD has been triggered, a complex net-
work of regulatorsis switched on involving increases in cytosolic calcium concentrations,
an oxidative burst, and release of pro-PCD factors such as cytochrome C from the mito-
chondrion. Release of cytochrome C is regulated by a growing family of Bcl-2 proteins
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that interact with the mitochondrial membrane, facilitating or inhibiting its release. These
intracellular events activate afamily of cysteine aspartate—specific proteases known as cas-
pases, which are both regul ators and the effectors of cell death. Caspases act on a plethora
of targets initiating cell condensation, nuclear fragmentation, and DNA breakdown. The
characteristic DNA laddering occurs as a result of cleavage at the nucleosome linker sites
by DNase, which is activated both by the caspases and more directly by increasesin cytoso-
lic calcium levels (Peitsch et al., 1993). Autophagy in mammalian cells (Stromhaug and
Klionsky, 2001) was originally associated with aresponse to starvation. It is characterized
by the formation of vesicles-containing proteins and organelles that are transported to the
lysosome. Known as autophagosomes, these vesicles have a short half-life (in the range
of afew minutes), and their contents are then digested by the hydrolase-packed |ysosomes
to generate monomeric building blocks. The signaling pathways leading to autophagy are
much less well-defined than those involved in apoptosis; however, heterotrimeric G pro-
teins (Ogier-Denis et a., 2000) and type Il phosphoinositide 3-phosphatases (Petiot et
al., 2000) have been implicated. Interestingly, autophagy and apoptosis may not be com-
pletely independent mechanisms. Beclin 1, which interacts with Bcl-2 family of proteins,
isassociated with type |11 phosphoinositide 3-phosphatases, and may have arolein sorting
proteins destined for the autophagosome (Kihara et a., 2001). Also, sphingosine, known
to activate apoptosis, increases the activity of lysosomal proteases such as cathepsin B,
which in turn are caspase activators (Ferri and Kroemer, 2001). Notably, the lysosomes
appear to act upstream of the mitochondria, suggesting aregulatory rolein apoptosis (Yuan
et a., 2002). Few genes with sequence homology to those involved in animal PCD have
been identified in plants despite the availability of genome sequences from representatives
of the major taxonomic divisions of flowering plants, namely, Arabidopsis representing
dicotyledonous plants (The Arabidopsis Genome Initiative, 2000) and rice representing the
monocotyledons (Goff et al., 2002). Putative homologs include those for Bax inhibitor-1,
an inhibitor of the proapoptotic Bcl-2 family member Bax (Kawai et al., 1999) involved
in apoptosis, Beclin (Laporte et al., 2004) involved in autophagy, and dad-1 (Orzaez and
Granell, 1997a), although doubt has been cast on the regulatory role of dad-1 (Kelleher and
Gilmore, 1997). Although homologs of caspases have not been identified from the genome
sequences (Lam and Del Pozo, 2000), plant metacaspase members of arelated superfamily
are found in plant genomes (Lam, 2004), and can trigger apoptosis-like cell death in yeast
(Watanabe and Lam, 2005). In addition, caspase inhibitors inhibit plant PCD in severa
systems.

5.2 Pathways for PCD in plants

Built into the genome of amost all living organismsisagenetic program for cell suicide, or
programmed cell death (PCD). However, although the function of this programisconserved
among all organisms, the genetic pathways responsible for mediating and executing PCD
might bevery different among organismssuch ashacteria, yeast, plants, and animals(Mittler,
1998). Furthermore, even within a single organism, many different pathways may control
and mediate PCD (Beersand McDowell, 2001). In plants, many different cell death signals
can activate PCD, and PCD can manifest itself in many different forms (Greenberg, 1996).
Thus, for example, hypersensitive response-PCD and PCD of xylem vesselsareinitiated by
very different signals and manifest themselves in very different forms (Dangl et al., 1996;
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Fukuda, 1996). However, it is not entirely clear whether there is a master switch for PCD
through which all pathways must go, or whether there are many different switches that are
pathway specific.

In animals, the mitochondrion was found to play a central role in the activation of
different PCD pathways. Studies in plants suggest that mitochondria may also play an
important role in PCD in plants (Lam et a., 2001). However, it is too early to determine
whether the mitochondrion is as central for PCD in plants, asitisfor PCD in animals. The
morphological and molecular differences that exist between the different PCD pathwaysin
plants(i.e., developmental, abiotic stress-induced, di sease symptoms, and the hypersensitive
response-PCD; Mittler, 1998), as well as the selective inhibition of specific PCD pathways
by overexpression of Bcl-2-like proteins or p35 in plants (Mitsuhara et al., 1999; Lincoln
et a., 2002), may suggest that there are many switches for PCD activation in plants. It is
possible that plants use PCD pathways that are similar to those found in animals (e.g., the
mitochondrion); however, plants may use different proteinsthat share only alimited degree
of homology with animal genes such as bc/-2 and caspases (Kawai-Yamada et a., 2001,
Lam et a., 2001).

5.3 Senescence and organ senescence as forms of PCD

Senescence or better thesenescence syndrome refersto those degenerative processes|eading
to death that occur under the control of the plant (Nooden, 1988). It is a developmental
program that guides the cell through an ordered schedule of events leading to the death of
the cell/organ and serving, at the same time, a variety of functions selected by evolution
to optimize plant survival (Granell, 1999). Implicit in the definition is the idea that despite
being a degenerative process, it is still organized and remains under control of the cell.

Senescence is an active process that requires energy consumption, and part of the pro-
gram is designed to supply it (Solomos, 1988; Buchanan-Wollaston, 1997). But program
in this case also means that information on how to dismantle the cell is genetically driven
and therefore emerges from the genes. While the programmed nature of senescence is
strongly established, it is also becoming clear that more than one program or variations of
the program may exist. For example, the general |oss of membrane function accompanying
senescence in Alstroemeria is not related to lipoxygenase activity or to the accumulation
of lipid hydroperoxides that occursin other plants (Leverentz et al., 2002). Microarray and
proteomic analyses show commonalities and differences among the different senescence
programs (Swidzinski et al., 2002, 2004).

5.4 Leaf senescence versus petal senescence

The process of senescence and cell death areclearly distinct at aphysiological level because
senescence, at least in leaves, can be areversible process, whereas cell deathis considered a
terminal event (Thomaset al., 2003). L eaf senescence has been the focus of several reviews
(Limet al., 2003) and genomic-wide approachesto identify regul atory networks (Buchanan-
Wollaston et al., 2003; Gepstein et a., 2003). The signals initiating the overall process of
senescence are common to other PCD events. Reduction of ethylene signaling (Grbic and
Bleecker, 1995) and upregulation of cytokinin production (Gan and Amasino, 1995) delay
senescence, indicating that the level s of these two PGRs areinvolved. Elevated cytoplasmic
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calciumisassociated with leaf senescenceinparsley (Huanget al., 1997), and calcium fluxes
have also been implicated in two other leaf senescence systems (Chou and Kao, 1992; He
and Jin, 1999). Thus, calcium signaling may play arolein leaf PCD although further data
areneeded. Cytologically, PCD hasbeen charted in rice leaves undergoing induced (by dark
treatment) or natural senescence (Lee and Chen, 2002). In this system, features noted were
cytoplasm depletion, organellar breakdown, and expansion of the central vacuole, which
at later stages contained inclusions possibly of chloroplast origin. Chromatin condensation
was not noted, nor apoptotic bodies, and although cells became terminal deoxynucleotidyl
transferase biotin-dUTP nick end labeling (TUNEL) positiveand DNA becameincreasingly
degraded, therewasno evidence of DNA laddering. However DNA laddering wasdetectedin
senescing leaves of other speciessuch aswheat (Cacciaet al., 2001), olive (Cao et al., 2003),
and five other tree species (Yen and Yang, 1998). Chromatin condensation was al so reported
in both tobacco and the monocot Ornithogalum virens (Simeonova et al., 2000). There
was no clear reduction in mitochondrial membrane potentialsin Pisum sativum mesophyll
cells undergoing senescence (Simeonova et al., 2004) indicating that if mitochondria are
associated withthis PCD systemitisnot in the sameway asin animal apoptosis. Chloroplast
disassembly seems to be an early sign of senescence, but whether thisis part of the PCD
mechanism remains uncertain (Thomas et al., 2003).

Petal senescenceunlikeleaf senescenceinevitably endswith PCD. Genomic approaches
are being used to identify genesinvolved in petal senescence (Breeze et a., 2004) and the
expression of several of the known homol ogs of the animal PCD-related genes, namely, Be-
clin, Bax inhibitor |, and dad-1 (Orzaez and Granell, 199743, b; Wagstaff et al., 2003; Huck-
elhoven, 2004). Evidence from electron microscopy from Alstroemeria senescent petals
(Wagstaff et al., 2003) clearly showsthat PCD isalready occurring at relatively early stages
of petal senescence. In many flowers (e.qg., Arabidopsis and tobacco), senescence, and thus
PCD istriggered by ethylene (Stead and van Doorn, 1994) and sometimes associated with
pollination (O’ Neill and Nadau, 1997). However, in another group including lilies such as
Alstroemeria, therole of ethyleneisless Clear. Calcium signaling and GTP-binding proteins
have been implicated in some species (Porat et al., 1994). Reactive oxygen species (ROS)
accumulation has also been reported both in ethylene-induced (Bartoli et al., 1996) and
ethylene-independent (Panavas and Rubinstein, 1998) petal senescence, together with ade-
creasein antioxidants (Bartoli et al., 1997). Thereisoften evidence of tonoplast invagination
(Matileand Winkenbach, 1971; Phillipsand Kende, 1980) or theformation of vesiclesandin
thefinal stagesonly athinlayer of cytoplasm remains (Stead and van Doorn, 1994; Wagstaff
et al., 2003). Changesin membrane composition, fluidity, and peroxidation occur in several
species (Rubinstein, 2000). In some cases, such as carnation (Dianthus caryophyllus; Fobel
et al., 1987), daylily (Hemerocallis hybrid; Panavas and Rubinstein, 1998), and rose (Rosa
hybrid; Fukuchi-Mizutani et al., 2000), lipid peroxidation (e.g., through the action of lipoxy-
genases (L OX) may be oneof the key factors effecting loss of membraneintegrity. However,
in other species like Aistroemeria (Leverentz et a., 2002), loss of membrane semiperme-
ability was chronologically separated from LOX activity that had declined by over 80% by
the onset of electrolyte leakage. However, loss of membrane function is the result of con-
certed activities of several enzymesand cannot be related to the function of asingle enzyme
(Paliyath and Droillard, 1992; Chapter 9). DNA laddering has been found in some petals
such as Alstroemeria (Wagstaff et al., 2003) and gladiolus (Aroraand Singh, 2006; Fig. 5.1)
and pea (Orzaez and Granell, 1997b), and both nucleases (Panavas et al. 1999; Breeze
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Fig.5.1 DNA fragmentation detected in petalsfrom various devel opmental stagesin gladiolus (Aroraand Singh,
2006).

et a., 2004; Langston et al., 2005), and proteases (Stephenson and Rubinstein, 1998;
Wagstaff et al., 2002; Arora and Singh, 2004) are upregulated during petal senescence
in several species. In Sandersonia aurantiaca, a member of a class of cysteine pro-
teases carrying the KDEL C-terminal motif is expressed during senescence (Eason et al.,
2002), which shows homology to a protease from Ricinus communis implicated in
ricinosome-mediated endosperm PCD (Gietl et al., 1997). This suggests a mechanism for
petal cell PCD, at least in this species, which may parallel the vacuol e-driven autophagous
model, previously described in the Ricinus endosperm.

5.5 Senescence signals: Cell sensitivity

Thetwo main correl ative eventsin plant senescence(i.e., pollination versus petal senescence
and grain filling versus leaf senescence) indicate that at least in those cases signals that
initiate the senescence program are produced. Strictly speaking, however, these signals
just hasten or coordinate the senescence program rather than being the real event: petas
eventually senesce even in the absence of pollination (O’ Neill and Nadeau, 1997), and
leaves eventually die even without flower or seed forming (Wilson et al., 1992).

It has been proposed that |eaf senescence is triggered by age-related decline in photo-
synthetic processes (Hensel et al., 1993). A possible metabolic control of senescence has
also been proposed (Quirino et a., 2000). The onset of senescence in the leaf has been
assigned to a very early point of time when the first reduction in photochemical efficiency
is detected and cab transcript levels begin to decline, but no visible sign of senescence and
no expression of SAG 12 are observed (Hinderhofer and Zentgraf, 2001). Aswell, acareful
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examination on the senescence program in rice clearly showed the asynchronous patterns
of senescence among three different regions in senescing coleoptiles (Inada et al., 1998).
In other systems, guard cells of the stomata and cells adjacent to the vascular tissue often
remain well and alive, while the rest of the cells are becoming fully senescent (Bieleski,
1995; Sakurai et al., 1996; Willmer and Fricker, 1996). |n summary, although we know that
aplant cell/organ has to acquire a senescence-competence stage before it can beinduced to
senescence, the molecular basis for this change in cell competence remains unknown.

5.6 Cellular changes during senescence

Apoptosisisrecognizabl e by aseriesof morphological and biochemical hallmarksincluding
nuclear condensation, membrane blebbing, oligonucleosomal DNA fragmentation, and the
formation of apoptotic bodies (Hacker, 2000) (Fig. 5.2). A number of noncanonical cell
death processeshave beenreportedinanimal systems(Kitanakaand Kuchino, 1999), leading
to the introduction of new morphological categories. Together with the standard apoptotic
cell death (renamed as Type 1 physiological cell death), Type 2 (autophagic degenerative
cell death) and Type 3 (nonlysosomal disintegration) categories are proposed. According to
Bursch (2001), these categories should not be considered as mutually exclusive phenomena.
On the contrary, they could reflect a certain flexibility of the cells to respond to different
external conditions. It is probably in this flexible context of physiological cell death where
the study of the morphological changes associated with plant senescence and itscomparison
with animal systems becomes more fruitful. The characterization of a certain morphotype
(or morphotypes) associated with plant senescence should help in the identification of the
molecular pathways that conformit.

(b) @

Apoptosis Necrosis
Fig. 5.2 Morphological differences between apoptosis and necrosis (Studzinski, 1999).
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5.6.1 Degeneration of chloroplasts

In photosynthetic tissues, one of the first observable changes is the degeneration of chloro-
plasts. Usualy, these organelles undergo a number of sequential changes that include, in
this order, dilation and breakage of thylakoids, increase in number and size of plastoglobuli
(osmiophilic globules found in electron microscopy analysis), and a decrease in pigment
content (Barton, 1966; Nii et al., 1988; Simeonovaet al ., 2000). Inadaet al. (1998) observed
an early degradation of chloroplast DNA (cpDNA) prior to the degeneration of the organelle
during the senescence of rice coleoptile. cpDNA appears to be degraded within the chloro-
plastitself, and therole of aZn?*-dependent nuclease has been suggested (Sodmergenet al .,
1991). Senescent leaf plastids (gerontoplasts) are smaller than green chloroplasts, with de-
generated membrane systems and stroma, and larger plastoglobuli. Surprisingly enough,
gerontoplasts maintain certain integrity during early senescence and are even able to red-
ifferentiate into chloroplasts under certain conditions (Zavaleta-Manceraet a., 1999). The
number of plastids remains constant until thelater stage of senescence by thetime RbcSand
LHC have aready diminished substantially (Martinoiaet al., 1983). Evidence for vacuolar
autophagy of senescing chloroplast hasbeen obtained (Minamikawaet al., 2001), and amass
exodus from senescing chloroplast has been described (Guiamet et al., 1999). These obser-
vations seem to indicate that, although the degeneration of the chloroplast functionsin an
autonomous manner at the early stages, probably later in the pathway, the autophagosomal
mechanism is operational for chloroplast degradation.

5.6.2 Degradation of mitochondria

In contrast, mitochondria seem to maintain their integrity even in late stages of senescence
with little or no degradation observed in mitochondrial DNA (Inadaet al., 1998). A possible
explanation is the need for ATP supply for the correct dismantling of cellular constituents.
At least during the senescence of Vigna mungo cotyledons, the degradation of mitochondria
is known to be accomplished by autophagosomes (Toyooka et al., 2001). In animal cells,
the outer mitochondrial membranes act as a sensor of cellular stress, releasing apoptogenic
factors (cytochrome C) that trigger cell death. Evidencesin this direction reported in plant
cells are too far to be conclusive, and refer to the PCD events taking place during stress
and defense response (Balk et al., 1999; Sun et al., 1999). Observations made in petunia
concluded that the release of cytochrome C is not a feature of PCD, at least during petal
senescence (Xu and Hanson, 2000).

5.6.3 Degradation of other organelles

Thenuclei of senescing cellsare al so subjected to modifications. Chromatin condensationis
reported in relatively early stages during senescence of rice coleoptiles (Inadaet al., 1998),
petal senescence in carnation (Smith et al., 1992), and carpel degeneration in pea (Orzaez
and Granell, 1997b). Condensation is often accompanied by the degradation of nuclear
DNA, as highlighted by the TUNEL reaction (Fig. 5.3), which detects the presence of free
3'OH ends as a result of endonuclease digestion. Senescence-associated TUNEL -positive
nuclei have been found in green tissues (Orzaez and Granell, 1997a; Yen and Yang, 1998;
Kawai and Uchimiya, 2000), as well as in nonphotosynthetic tissues like flower petals



Fig. 5.3 TUNEL reaction. Whole mounts of petal pieces collected 2 days after anthesis were assayed with the
TUNEL reaction. Increase in DNA ends was highlighted by addition of nucleotide analogs by using TdT, and
theincorporated anal ogs decorated with the use of alkaline phosphatase linked to antibodies against the nucleotide
analogs and NBT-BCIP substrates. (a) Petals treated with STS at stage d-1. (b—d) Nontreated petals. (a, b’) Same
as(a) and (b) but after TUNEL staining petalswereincubated with Acridine Orangeto visualizethe nuclel (Orzaez
and Granell, 1997a).
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(Orzaez and Granell, 1997b; Xu and Hanson, 2000). Often, chromatin DNA degradation
takes place preferably at the level of the internucleosomal space, rendering fragments of
discrete size that can be visualized by electrophoresis resulting in a typical DNA ladder.
Internucleosomal DNA cleavage has been considered as one of the hallmarks of apoptosis.
However, itsoccurrence during plant senescence does not seem to be universal. Even among
different organs within the same plant, the pattern of DNA degradation seems to differ. In
rice, for instance, Kawai and Uchimiya(2000) reported DNA laddering during senescencein
the coleoptile. In contrast, Lee and Chen (2002) found that the nuclear DNA fragmentation
during rice leaf senescence is not accompanied by generation of oligonucleosomal DNA
fragments. During coleoptile senescence in rice, TUNEL -positive cells are restricted to the
epidermis (Kawai and Uchimiya, 2000). During the senescence of unplanted pea carpels,
TUNEL labeling is restricted to well-defined areas such as the funicular-ovule joining
region or the ovule external tegument. Therest of the cellsin the degenerating ovule seem
to dismantle its nuclear DNA without showing detectable TUNEL labeling (Orzaez and
Granell, 19974). In some senescence processes, DNA fragmentation occursonly at the very
last stages (Gietl and Schmid, 2001).

Whereasthe fate of the nucleus seemsto differ from one form of senescenceto another,
virtually all the ultrastructural studies reported significant changes in the vacuolar system.
At very early stages, carnation petals showed an increase in vacuol ar-derived vesicles prior
to other visible signs of degeneration (Smith et al., 1992). In a later stage, the central
vacuol e enlarges displacing nucleus and cytoplasm. Invaginations of the tonoplast into the
vacuole, occasionally containing cytoplasmic material and organelles, are widely reported
in different stages of senescence (Matile and Winkenbach, 1971; Inada et al., 1998).

Plant vacuoles are multifunctional organelles, and a specific type acts as lytic com-
partments in the degradation of cellular components (Marty, 1999). These lytic vacuoles
accumulate hydrolytic enzymes anal ogous to the lysosomal enzymes of yeast/animal cells
and are known to play a central role in macroautophagy, a major route in protein and
organelle turnover, which contributes to the maintenance of cellular homeostasis. Dur-
ing macroautophagy, portions of the cytoplasm, including organelles, are surrounded by
double-membrane structures known as autophagosomes and transported to the lytic vac-
uole. In plants, examples of macroautophagy have been described during nutrient starvation
of suspension-cultured cells (Moriyasu and Ohsumi, 1996) and during dark-induced degra-
dation of rubisco in chloroplasts of detached French beans (Minamikawa et a., 2001).
Also, during natural endosperm senescence of germinating castor beans, glyoxysomes, mi-
tochondria, segmentsof theendoplasmic reticulum (ER), and ribosomesarefinally removed
from the cytosol by autophagic vacuoles (Gietl and Schmid, 2001). Moreover, during the
senescence of V. mungo cotyledons, ultrastructural analysis showed that macroautophagic
processes are active in the degradation of both nutrient reserves and cellular components.
Starch granules are sequestered by de novo formed membranous structures and transported
to thelytic vacuole, where its degradation seemsto take place. In parallel, autophagosomes-
containing mitochondria and cytoplasm are also fused to the vacuole. Interestingly, while
the cellular dismantling takes place both in natural conditions and in organs detached from
the plant, remobilization of nutrients represented by the breakdown of polysaccharides oc-
curs only when the organs remain attached to the plant (Bieleski, 1995; Toyooka et al.,
2001). In many cases, cell compartmentalization (integrity of membranes) is maintained
until very late in the program. Acidification, probably due to a change in permeability or
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rupture of the tonoplast, causes the activation and exposureto the cytosol of endopeptidases
stored in newly formed ER-derived vesicles (ricinosomes; Schmid et al., 1999). Once com-
partmentalization islost, the contents of the lytic organelles are free to digest the remnants
of cell. Thisrepresentsthe latest stage of senescence where homeostasisisirreversibly lost.

5.7 Molecular changes associated with plant senescence

As indicated earlier, the program of senescence requires specific transcription and trans-
lation. Over the past several years, the introduction of novel techniques for the isolation
of differentialy regulated genes (i.e., differential display, subtractive hybridization, etc.)
has led to the isolation of many genes whose transcription levels are upregulated during
senescence (John et al., 1995; Buchanan-Wollaston, 1997; Leeet d., 2001). Asaresult, the
catalog of senescence-associated genes (SAGs) reported to date is hard to compile. More
recently, theintroduction of DNA microarraysfor the profiling of geneexpressionisstarting
to provide large amounts of expression datathat will help to complete the picture of genetic
changes associated with plant senescence (Zhu et al., 2001; Chen et a ., 2002). Together, the
set of data available so far is providing clues as to the molecular constituents of senescing
cells. There are two important subprograms which define molecular changes during the
plant senescence:

5.7.1 The nutrient salvage subprogram

Many of the genes and activities associated with senescence can be included in this subpro-
gram. Proteases are probably the most conspicuous group of proteins whose mRNA levels
are reported to increase during plant senescence (Granell et a., 1992; Beers et a., 2000;
Aroraand Singh, 2004). Many of them belong to the group of cysteine endproteases (C13
class, Granell et al., 1992), which probably participate in the remobilization of N and later
in the salvage program associated with senescence. Cysteine proteases are reported to be
upregulated during the senescence of leaves (Drake et al., 1996), but also in reproductive
organs like flowers (Wagstaff et al., 2002; Arora and Singh, 2004) and other senescent
organs such as unplanted ovaries (Granell et al., 1992; Cercos et al., 1999). Because most
of them contain vacuolar-targeting signals, they are likely to participate in the digestion of
proteins delivered by the autophagosome for N/ C retrieva or in general digestion once
the tonoplast has been lost at the later stages of senescence. Most of these proteases are
synthesized as proenzymes and sorted to vacuole where they become activated.

A different pathway isfollowed by agroup of cysteine endo peptidaseswith aC-terminal
KDEL sequence for retention in the ER, as the CysEP protease from castor bean-senescing
endosperm (Schmid et al., 1999). Orthologs of CysEP are also found in senescing daylily
petals(Va puestaet al., 1995), cotyledons of mungbean (V. mungo) and vetch (Vicia sativa),
and seed pods of maturing French bean (Phaseolus vulgaris) (Schmid et al., 1999). CysEPis
accumulated as a precursor in specialized organelles, the ricinosomes, which are originated
as budding vesicles arising from the ER. With the progress of senescence, ricinosomes
disintegrate, liberating the active form of CysEP into the cytoplasm (Schmid et al., 1999).
Although the substrate specificity of CysEP is unknown, its containment in specialized
vesicles and subsequent liberation during senescence seemsindicative of ahighly regulated
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process for the release of proteolytic activities, which resembles the regulation of PCD
during apoptosisin animal cells (Gietl and Schmid, 2001).

Also in the extracellular matrix, a metalloproteinase (CSL-MMP) induced late in the
senescence process of Cucumis cotyledons (along with DNA laddering) suggests that these
protease activities may help to eliminate the later cell remnants, as has been described for
its orthodoxy in animals (Delorme et al., 2000).

Lately, many of the components of the autophagy molecular machinery in Arabidop-
sis have been identified based on their homology to the genes identified in Saccha-
romyces cerevisiae (Hanaoka et a., 2002), which makes possible to study the contribu-
tion of this pathway to senescence. Recent evidence indicates that the APG pathway is
upregulated during senescence, although compared to SEN1 mRNA (a vacuolar cysteine
endopeptidase), accumulation of APG7 and APG8 mRNAS occurs rather late, suggest-
ing that the APG system may function later than other molecular responses induced during
senescence(Doelling et al., 2002). Disruption of either of two APG genes(APG9 or APG7)in
Arabidopsis produces an accel erated senescence phenotype (both natural and dark-induced)
and starvation-induced chlorosis. Thisindicates that the APG pathway isrequired for effi-
cient nutrient recycling and senescencein Arabidopsis (Doelling et al ., 2002; Hanaokaet al.,
2002).

It is tempting to speculate that, in addition to their role in N-mobilization, some plant
proteolysis activities (Delorme et al., 2000) could be involved in a cascade of proteolysis
activation regulating PCD event. Elucidation of the substrates for these activitiesis needed
to clarify their role during senescence.

In addition to substrate and proteases being differently compartmentalized and only
activated and released at the right time, substrate susceptibility for proteolysis appears to
be important in senescence and in other stress-related processes (Pefiarrubia and Moreno,
1990; Cotelle et a., 2000). This is best exemplified for chlorophyll a/b binding proteins
(Cab proteins) that remain stable as far as they are complexes with chlorophyll. Removal
of chlorophyll during senescence increases dramatically Cab susceptibility to proteolysis.
Inhibition of chlorophyll degradation, as in stay-green mutants, increases notably the sta-
bility of Cab, while the rest of the senescence proteolysis and other senescence processes
continue as normal (Thomas and Howarth, 2000). Not only structural changes in substrate
susceptibility are important for proteolysis. binding of 14-3-3s proteins to a wide range of
plant proteins can aso induce changes in their stability (Cotelle et al., 2000). The extent
to which this mechanism is important for senescence is indicated by the stay-green phe-
notype and delayed |eaf senescence of transgenic potatoes overexpressing 14-3-3s proteins
(Markiewicz et a., 1996). This suggests that proteolysis of the 14-3-3stargets participates
inthe progression of senescence. The regulation of 14-3-3slevels could function asamech-
anism to modul ate senescence, probably through the protection exerted by 14-3-3s proteins
on their targets. Conversely, transgenic plants with diminished levels of 14-3-3s proteins
showed an early senescence phenotype (Wilczynski et al., 1998), thusclosing the circle and
further supporting the relevance this mechanism may have during senescence.

The nature of SAGs-encoding activities, which areinvolved in nutrient salvage program,
ranges from glyoxysomal enzymesinvolved in fatty acid mobilization, like 3-ketoacyl-CoA
thiolasein pumpkin (Kato et al., 1996) or malate synthase genein cucumber (Graham et al .,
1992; Buchanan-Wollaston, 1997) to cell wall-metabolizing enzymes (Lee et al., 2001)
such as B-glucosidases (Callard et a., 1996). Nucleases probably involved in phosphate
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mobilization are also found associated with senescence (Perez-Amador et al., 2000; Lers
et al., 2001). Interestingly, the tomato ribonuclease LX contains an HDEL signal for ER
retention (Lehmann et a., 2001). LX is expressed not only during leaf senescence but also
during germination and xylem differentiation. It is assumed that RNase L X accumulatesin
an ER-derived compartment and is released by membrane disruption into the cytoplasm of
those cellsthat are intended to undergo autolysis, in asimilar fashion asreported in the case
of castor bean KDEL-cysteine protease described earlier. Also, SAG-encoding enzymes
for glycolysis/gluconeogenesis are identified, suggesting the activation of aternative path-
ways for obtaining energy to sustain the senescence program (Buchanan-Wollaston, 1997,
Buckner et al., 1998).

A large number of genes are known to be downregulated during senescence. Some of
them refer to the photosynthesis-associated genes, but others such as AGL 15 (Fernandez
et a., 2000) may have aregulatory role and, therefore, can be important in the modulation
or establishment of the program.

5.7.2 Cell preservation subprogram—protection against oxidative stress

Senescent cells are especially sensitive to different stresses (Arora et a., 2002). Protection
of the senescent cell against oxidative damage is exerted at many levels: induction of
protective antioxidative activities, elimination of photooxidative molecules, production of
sunscreens, etc. All of these are upregulated during senescence. One of the reasons for
this appears to be the high phototoxicity (ROS generated) of unbound chlorophyll and its
products (Mach et al., 2001). In the presence of light and oxygen, the unbound chlorophyll
released from the membrane during senescence would produce singlet oxygen and cause
photooxidative damage thus jeopardizing nutrient retrieval from these cells. To prevent
this, chlorophyll is not metabolized and mobilized as nutrients, but is stored in the vacuole
as any other xenophobic substance (Hortensteiner and Feller, 2002). Consistent with this,
geneexpression profiles during senescence overlap with signaling pathwaysrel ated to stress
(Buchanan-Wollaston, 1997; Rubinstein, 2000). Examples of stress-related SAGs include
glyoxaase Il genefrom Arabidopsis (Quirino et a., 1999), together with avariety of genes
involved in oxidative stress like Fe(ll) ascorbate oxidase in Arabidopsis (Callard et a.,
1996), catalase in Brassica (Buchanan-Wollaston and Ainsworth, 1997), among others.
The working hypothesisisthat antioxidant activities are elevated to keep the cell inaviable
stage for as long as the nutrient mobilization mechanism is in place. The chloroplastic
form of glutamine synthase from pea leaves is degraded more rapidly than the rest of
the chloroplast enzymes involved in carbon assimilation (Thoenen and Feller, 1998). In
contrast, the cytoplasmic form remains stable and localized in the vascular elements of
leaves (Sakurai et a., 1996) whose cells show a much delayed senescence to help in the
remobilization of nutrients.

5.7.3 Transcriptional activation cascade in senescence PCD

Early searches for genes induced during senescence failed to identify transcription factors
associated with senescence. This, together with the lack of detection of obvious common
upstream segquence homol ogies between different SAGs identified at that time (Buchanan-
Wollaston, 1997; Gan and Amasino, 1997) casts some doubts on the existence of a real
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(transcriptional activation) program for senescence (Bleecker, 1998). A number of potential
transcription factors are now known to be associated with senescence (Hinderhofer and
Zentgraf, 2001; Robatzek and Somssich, 2001; Yang et a ., 2001; Zentgraf and Kolb, 2002).
Furthermore, a comprehensive analysis of the promoter region from 23 genes that are
induced during leaf senescenceindicatesthat the consensusW region for binding of WRKY
proteinsis highly enriched in those genes (Zhu et al., 2001).

A recombinant form of one of thosefactors, WRKY 53, isableto bind to W boxes present
in the promoters of a number of genes, some of which happen to be transcriptional factors
themselves (like other WRKY members), or genes whose mutation alters the senescence
program (likethe F-box protein ORE9) or other SAGs (like SAG12,CATs, etc.). Thissuggests
the possibility (a) that WRKY 53 is part of atranscriptional activation cascade and (b) that
some of the SAGs are to be the targets of WRKY53, and therefore responsible for its
activation during senescence. Interestingly, both age of the leaf and age of the plant drive
the same set of SAG genesincluding aset of transcription factors (Hinderhofer and Zentgraf,
2001).

Another study identified anumber of transcription factorsthat are shared between senes-
cence and pathogen defense programs. Indeed, the WRKY genes are upregulated during
pathogen infection, wounding, and senescence, and some of them are shared between dif-
ferent programs (Eulgem et al., 2000; Chen et a., 2002). More specifically, AtWRKY 4, 6,
and 7 are highly induced during senescence. Transcription factors induced during senes-
cence are not restricted to the WRKY but include other families such as AP2/ErebpS, Myb,
bZIPs, and homeobox (Chen et al., 2002).

The complexity of the transcriptional activation network can beillustrated with the can-
didate cis-acting elements present in the promoter in any one of the senescence-inducible
WRKY s. WRKY 6 promoter containstissue-specific motives, W boxesthat have been found
to negatively influence the expression of AzPRI gene, an asl-like element and MY B recogni-
tion region that have been shown to bind tgafactors. These interactions between mis-acting
elements and trans-acting factors are likely to mediate AtWRKY6 gene expression in re-
sponseto SA, JA, and auxin (Robatzek and Somssich, 2001).

When AGL 15, amember of the plant MADS domain family of regulatory factors, was
expressed in Arabidopsis under the control of a 35S promoter or under glucocorticoid-
inducible promoter, an important increase in the longevity of both sepals and petals was
observed (Fernandez et al ., 2000; Fang and Fernandez, 2002). AGL 15isnormally expressed
in juvenile tissues. Moreover, it was found that overexpression only affects longevity if the
transgenic is switched on around the time of flower opening (before senescence starts).
Together, these observations suggest that AGL 15 contributes to maintain the juvenile non-
senescent stage probably by repressing the senescence program (Fang and Fernandez, 2002).
Similarly, transgenic tobacco plants expressing the maize homeo box gene knottedl under
the control of the senescence-activated promoter SAG12 resulted in increased cytokinin
content and delayed senescence (Ori et al., 1999). It is proposed that ectopic expression
of Knl, a gene whose function in wt meristems seems to maintain a population of inde-
terminate cellsin which differentiation is delayed or inhibited, would block devel opmental
progression to senescence in fully mature leaves of SAG12::Knl plants. These results re-
veal the existence of both positive and negative transcription signaling to the devel opmental
senescence program, and that probably the establishment of the senescence program may
require first switching-off juvenile factors such as AGL 15 or Knl.
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5.7.4 Elements of the upstream senescence-signaling PCD pathway

Receptor-like protein kinases have been implicated in senescence signaling (Hagjouj et a.,
2000; Robatzek and Somssich, 2002; Arora et al., 2006). It is known that receptor-like
kinase serves as receivers and transducers of external and internal stimuli, acting through
phosphorylation/dephosphorylation cascades that eventually lead to changes in gene ex-
pression. The senescence-associated kinase receptor gene (SARK) behaves as a typical
SAG, whichisinduced by senescence-inducing factors (ethylene; jasmonate) and repressed
by senescence-del aying factors (cytokinin, light). Both transcript and protein appear prior to
the onset of senescence (Hgjouj et a., 2000). Another receptor kinase, senescence-induced
receptor kinase (SIRK), wasidentified by Robatzek and Somssich (2002) as one of the can-
didate targets of the senescence transcription factor AtWRKY 6. This transcription factor is
able to respond to senescence and other external stimuli often associated with senescence
and plant defense (Robatzek and Somssich, 2001). Asthis factor does not require de novo
synthesis for its activation, it can be considered an early-type element and together with
other WRKY, they are likely substrate for kinase or phosphatases (Eulgem et al., 2000).
In contrast to SARK that is expressed in roots and during senescence, SIRK is the only
identified plant receptor kinase developmentally expressed solely during senescence. In
addition to senescence, SIRK and WRKY 6 participate in pathogen defense pathway. A
dual function for SIRK/WRKY 6 has been proposed. On the one hand, senescence would
be initiated by the binding of a senescence-triggered signal to SIRK, which would lead
to the expression of WRKY 6. On the other hand, SIRK would activate a kinase cascade
that would modify WRKY 6 protein, resulting in the induction of several genes, including
SIRK.

MAP kinase cascade seems to be part of the signal transduction pathway linking the
senescence developmental signal and the downstream elements. Thus, MAPKK in tomato
and MAPK in maize are both identified by the increase in mRNA levels and by activity
gelsduring senescence. Interestingly, neither PGRs (like ethylene, cytokinin, GA, ABA) nor
nutrient starvation hasaffected either thekinase activity or thetranscript level sof thisnatural
senescence-inducible MAPK (Berberich et ., 1999). Theimportance of MAPKinasein the
transcriptional activation cascade is consistent with the constitutive expression of a set of
potential WRKY effector genes observed in the MAP kinase mutant of Arabidopsis mpk4
(Petersen et al., 2002).

Other posttrandational modifications seem to be involved in the regulation of senes-
cence. Thefinding that the delayed senescence mutation ORE9 encodes a mutated form of
an F-box protein suggested that ubiquitin tagging and proteolysis of a repressor could be
an upstream regulatory component of the PCD/senescence pathways (Woo et al., 2001).
ORE9 isableto physicaly interact with ASKI (an Arabidopsis Skyline protein), whichisa
component of the SCF type of E3 ubiquitin ligase complex. As F-box proteins appear to be
responsible for target specificity through protein—protein interaction motifs such as WD-40
(Callisand Vierstra, 2000); elucidation of the proteins interacting with ORE9 will be very
important in understanding which factors are targeted for degradation that are important
for senescence. Furthermore, this proteolytic pathway seems to be activated during senes-
cence: the E2-ubiquitin carrier protein shows increased expression during leaf senescence
(Nicotiana sylvestris; Genschik et al., 1994). Increased expression of a polyubiquitin gene,
SEN3, has also been detected in senescent leaves of Arabidopsis (Park et al., 1998).
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Further support for the involvement of the ubiquitin/proteasome pathway during senes-
cence comes from the recent report that a mutant defective in AtATE1 gene, an arginyl-
tRNA:protein arginyltransferase involved in the N-end rule pathway, shows a delayed
senescence phenotype in both cotyledons and rosette leaves of Arabidopsis (Yoshidaet al.,
2002a). It is possible that a cytosolic or nuclear component is repressing the progress of
senescence, and this factor is destabilized during senescence by the R-transferase activity
of AtATE1 gene product. Ubiquitinated proteins are not necessarily degraded by the 26S
proteasome: many yeast cell surface receptors use ubiquitination for internalization and
degradation by the vacuolar proteases (Wilkinson, 1999). Whatever the case, thisindicates
that the N-end rule has an important role in the progression of leaf senescence.

Changes in membrane potential and internal concentrations of Ca?* are part of the
signal transduction pathway in animal PCD, and there are indications that this can also be
the case for plants. The recent identification of a cyclic nucleotide-gated ion channel from
Arabidopsis (AtCNGC2) that shows developmental regulation during the early stages of
senescence in different organs, but not in late stages, indicates that this ion channel may
participate in the signaling of the senescence process (Kohler et al., 2001). Furthermore,
the realization that the Arabidopsis mutant dnd1, which shows reduced ability to undergo
cell death when exposed to avirulent Pseudomonas syringae, is caused by a mutation in
this same gene 4*CNGC2 (Clough et al., 2000) supports its role as a mediator in different
forms of PCD.

Identification of additional regulatory elements controlling senescence in plants may
come from genetic approaches. The identification of several ore (from Oresara, long-lived
in Korean language; Oh et al., 1997) mutants indicates that the search can still be fruitful.
Ore mutants show just delayed senescence and not a complete block in senescence. The
reason for this could be multiple pathways acting in parallel to induce senescence, making
genetic screens difficult or alternatively that all the allelesidentified so far are weak aleles.
Ore 2 and 3 came out to be alleles of the ethylene-insensitive mutant ein2 and are therefore
affected in the timing of senescence via the ethylene pathway. The nature of old 1, 2, and
3 (onset of leaf death) mutants of Arabidopsis is not known, but mutations in these genes
confer an early onset of senescence (Jing et a., 2002). Characterization of the molecular
basis for several senescence mutants from maize, soybean, and other plants will further
contribute to our understanding of senescence (Buckner et al., 1998).

5.8 Early signal of senescence pathway

A senescence-associated decrease in membrane fluidity has been detected in all senescing
tissue (Paliyath and Droillard, 1992). Changesin membrane composition occur well before
the appearance of any visible symptoms of senescence in petals. There is a senescence-
associated declinein the phospholipid content dueto adecreasein synthesisand anincrease
in degradation. Theratio of sterol/phospholipid may increase asmuch as 2—6 times, and this
leadsto adecreasein membranefluidity, which can be detected by fluorescence polarization
and ESR techniques, preceding any visible symptom of senescence in petals. Changes in
fluidity appear to affect the activity of several membrane-bound proteins such as ATPase
and probably many other activities (Paliyath and Droillard, 1992).

In contrast to animal apoptosis, no specific protease has yet been clearly found
to be involved in the initial events of senescence/PCD. A specific role for a matrix
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metalloproteinase (At2-MMP) has been proposed (Golldack et al., 2002) based on the
fast degradation of chlorophyll and early senescence phenotype of an Arabidopsis mutant
in which this gene is interrupted by a T-DNA. According to these workers, senescence
“sensor” iseither continuously degraded or specifically activated by MMP; MM P-deficient
tissueswould be hypersensitized for senescence (Golldack et al ., 2002). A role of At2-MMP
in releasing signal molecules that trigger cell death both in senescence and in other plant
PCD processes such as tracheary element (TE) differentiation (Groover and Jones, 1999;
Delorme et a., 2000) has also been proposed.

5.9 Signaling cascades network

The expression of many senescence-regulated genes is aso affected in other signaling
pathways, indicating a crosstalk between senescence/PCD and other routes. response to
environmental stress, hormones, N/C status, sugars, and amino acids, etc. In some cases,
this just indicates that different endogenous/environmental signals can activate the senes-
cence pathways. But several evidencesindicate that there could be at least partialy parallel
signaling cascades leading to senescence.

An illustration of how the molecular mechanisms underlying senescence is part of a
network of interactions in which both internal and external factors participate has been
presented by He et al. (2001) using a large-scale enhancer trap strategy and expression
analysis in Arabidopsis. Using this approach, He and coworkers identified 147 lines that
showed increased expression in senescent leaves but not in nonsenescent ones, suggest-
ing that the construct has landed in a senescence-inducible gene. Expression analysis of
these genes show that 63 of them were specific for senescing leaves, but in 62 linesthe re-
porter gene was also expressed in senescing flowers, siliques, and stems. And in afew lines
(4), there was expression in young tissues. These results indicated that there must be both
common and specific components among the senescence programs operating in different
organs. The effect of different endogenous and environmental factors on the expression of
these enhancer lines was also studied, and it gives support to the idea that each of these
factors (ABA, JA, darkness, ethylene, brassinosteroids, dehydration, age, and others) con-
tributes to the senescence program by inducing a subset of senescence-associated genes. A
few of the lines showed increased expression by two or more of the factors, and prelim-
inary attempts to construct the senescence regulatory network were presented (He et al.,
2001).

One consequence of the existence of a complicated network as anticipated by Gan and
Amasino (1997) isthe plasticity of the program, that is, the senescence program can always
proceed through other “branches’ of the network. Consistently, most of the homozygous
Sel knockouts showed no phenotype, and only a few displayed delayed senescence (He
et a., 2001). Most interestingly, a majority (2/3) of the 43 transcription factors showing
transcriptional activation during senescence (Chen et al., 2002) are also induced by stress
treatments (bacteria, viruses, fungi or cold, high salt, or osmotic depending on the specific
factor). Indeed, pathogens and ethylene are known to induce senescence, and similar genes
have been identified with both stresses.

In other studies, some members of the bZIP gene family of transcription factorsthat are
characterized by itsinduction on exposure of the plantsto low temperaturesincreased during
aging/senescence of leaves (Berberich et al., 1999; Yang et al., 2001). Interestingly, tbzF
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transcripts that were strongly upregulated by 4°C exposure are also induced by ethylene,
IAA, and JA but not by BA, and showed atypical SAG pattern during senescence.

Some elementsof the signal transduction pathway upstream the transcription factorscan
also be shared between different stresses and senescence. Thus, the senescence-associated
ZMmMAPKS5 is also induced during recovery after low-temperature stress (Berberich et al.,
1999).

5.10 Salicylic acid

Plants possess an immune system to defend themselves against pathogen infection. An
intensively studied inducible immune response occurs when a pathogen carrying an aviru-
lence (avr) geneisrecognized directly or indirectly by a cognate resistance (R) geneinthe
plant. This leads to activation of defenses that restrict pathogen growth in infected tissues
and in noninfected tissues by a process referred to as systemic acquired resistance (SAR).
These defense responses are typically accompanied by localized PCD around the site of
infection in the hypersensitive response (HR; Nimchuk et al., 2003). In the absence of an
R-avr interaction, basal resistance responses are also activated, although they may not suc-
cessfully restrict pathogen growth, and disease symptoms may develop (Glazebrook et al.,
1997).

The importance of salicylic acid (SA) in the induction of such resistance responses is
supported by both gain- and | oss-of -function evidence. SA level sincrease on many avirulent
and somevirulent infections (Malamy et al., 1990; Métraux et al., 1990; Heck et al., 2003),
and application of exogenous SA, or generation of high endogenous SA levelshy expression
of bacterial SA-synthesizing enzymes, is sufficient to induce resistance to many normally
virulent pathogens (White, 1979; Ward et al., 1991; Verberne et a., 2000; Mauch et al.,
2001). Loss-of-function analyses have relied on SA depletion by transgenic expression of
a bacterial SA hydroxylase encoded by nahG. NahG abrogates local R function elicited
by arange of bacterial, oomycete, and viral pathogens (Delaney et al., 1994; Rairdan and
Delaney, 2002) as well as SAR (Gaffney et al., 1993) and basal resistance responses to
virulent bacteria, fungi, and oomycetes (Delaney et a., 1994; Reuber et al., 1998). The
involvement of SA in activation of PCD inthe HR is supported by similar lines of evidence
but remains less clear. SA does not induce HR-like PCD on its own in whole plants,
although it may induce PCD in cell culture (Kawai-Yamada et al., 2004). HR induced by
two Peronospora parasitica isolates avirulent on Arabidopsis appears to depend on SA,
since nahG blocked the HR in response to infection, although trailing necrosis surrounding
growing hyphae was still observed (Nawrath and Métraux, 1999). Similarly, nahG delays
the HR of tobacco (Nicotiana tabacum) in response to tobacco mosaic virus (Mur et al.,
1997). Consistent with these observations of PCD attenuation by SA removal, exogenous
SA strongly accelerated HR cell death in soybean (Glycine max) suspension cells (Shirasu
et a., 1997) and induced cell death in Arabidopsis Isdl mutants and RPWS§-enhanced
transcription lines kept under conditions nonpermissive for spontaneous HR-like cell death
development (Dietrich et al., 1994; Xiao et a., 2003). Clearer evidence pointing to arole of
SA in PCD comes from the analysis of Arabidopsis acd and Isd mutantsthat spontaneously
activate PCD and defense responses. In many of these mutants, including acd6-1, acdl 1,
ssil, and Isd6, nahG expression completely suppresses PCD development, while this can
be restored by application of SA agonists such as 2,6-dichloroisonicotinic acid (INA) and
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benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH; Weymann et al., 1995;
Rate et al., 1999; Shah et a., 1999; Brodersen et a., 2005). Similarly, nahG inhibits PCD
induction by the mycotoxin fumonisin B1 (Asai et a., 2000). Thus, the clearest links of SA
to PCD induction are based on analysis of NahG plants.

5.11 Regulation of senescence by sugar signaling

Coordination of development with the availability of nutrients, such as soluble sugars, may
help ensure an adequate supply of building materials and energy with which to carry out
specific developmental programs. For example, in vivo and in vitro experiments suggest
that increasing sugar levels delay seed germination and stimulate the induction of flowering
and senescencein at least some plant species. Higher sugar concentrations can also increase
the number of tubers formed by potatoes and can stimulate the formation of adventitious
roots by Arabidopsis. New insightsinto the mechanisms by which sugar response pathways
interact with other response pathways have been provided by microarray experiments,
examining sugar-regulated gene expression under different light and nitrogen conditions
(Gibson, 2005).

Senescent cells show a decline in photosynthetic rate; furthermore, certain components
of the photosynthetic apparatusaretheearly target for proteolysis, and the mRNA transcripts
for such proteins are downregulated during senescence. Increasing evidence supports that
sugars, the primary products of photosynthetic activity have, in addition to their essential
roles as substrates and source of energy, important functions in signaling (Rolland et al.,
2002).

The evidence regarding this puzzle is fragmentary and sometimes contradictory. Thus,
sugars are known to repress photosynthetic gene expression (occurring during senescence).
Contents of glucose and fructose in leaves increased with age, while starch content dimin-
ished (Wingler et a., 1998). Moreover, glucose-oversensitive mutants of Arabidopsis such
as hysl/cpr5 areindeed selected by the hypersenescence phenotype (Yoshida et al ., 2002b).
Senescent petals also contain enough levels of reducing sugars, and therefore limited res-
piratory substrate is unlikely to be a major factor in petal senescence. Sucrose itself may
accumulate at high levels in senescing tissues (Crafts-Brandner et al., 1984), although in
this case sucrose is likely to be synthesized via glyoxylate pathway.

How can sugars act as signals for senescence? Often, a key role on sage signaling
has been attributed to hexokinase (HXK). HXK is known to be a glucose sensor that
monitors sugar levels and responds by modulating gene expression and multiple plant
hormone-signaling pathways. In addition, the expression of HXK correlates well with the
rates of leaf senescence. This could indicate that the plant coordinates the activity sources
and sink organs (carbohydrate importing or exporting sites) according to the internal and
external conditions (Sheen et a., 1999; Smeekens, 2000). Furthermore, the transport of
monosaccharides appears to increase during advanced leaf senescence as shown for the
homolog SFPI (Quirino et a., 2001).

Like other terminally differentiated organs, mature flower petals and leaves contain
highly active invertases, whose activities decrease during senescence and as a consequence,
theratio of sucroseto reducing sugarsincreases. It has been proposed that de novo synthesis
of an invertase inhibitor is the reason for the decrease in invertase activity. Thiswill leave
more sucrose available for mobilization to other parts of the plant.
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Most interesting is the interaction between cytokinins and sugars and its relation with
senescence. Cytokinins have been found to increase extracel lular invertase and sugar uptake
in different plant systems. One hypothesis is that this would lead to a delay in senescence
by increasing the sink strength of the organ. Indeed, contrary to what happens in wild-
type plants, transgenic sagl2.:ipt plants show an increase in invertases with the age of
the leaf that accompanies the delay of senescence. Furthermore, sagl2::cinl plants that
express invertases under the control of a senescence-inducible promoter show a delay in
senescence. And finally, transgenic plants carrying a cytokinin-inducible promoter cin6
linked to an invertase inhibitor gene show no delay in senescence. All these experiments
give further support to the importance of achieving high levels of invertase/sugars for a
delayed senescence. Thisis however far from being the complete history as high levels of
sugars are also inducers of senescence and, indeed, some of the sag/2::cinl lines show a
premature senescence rather than a delay, indicating that an optimum range of sugar levels
isimportant and that a fine control of senescence by sugar levelsisin action.

Although analysis of promoters of different photosynthesis-related genes that showed
decreased expression during senescence did not reveal common regulatory elements for
sugar regulation (Sheen et al., 1999), specific regulatory elements have been detected in
the promoters of «-amylase, malate synthase, and RbcS genes that are required for sugar
repression. Interestingly, SPF1, a transcription activator that binds SP8 motif of sugar-
regulated genes contains orthologs in Arabidopsis that belong to the WRKY family of
transcription factors. Interestingly, some of these factors, which are known to bind W boxes
found in promoters of «-amylase and defense-related genes (Du and Chen, 2000), are also
induced during senescence.

The sugar connection can be at the crossroads of the multiple environmenta and en-
dogenous factors that affect senescence. This can be accomplished by the existence of
regulatory sequences present in the promoter regions. Thus, regulatory sequences present
in sugar-regulated genes include the G-box (Martinez-Garcia et al., 2000) and the related
ABA responsive elements (Pla et al., 1993), which could channel the input signals from
the environment through phytochrome/ABA signals (light/devel opmental or environmental
stress). Alternatively, the interaction can be at the level of elements of the signal transduc-
tion pathway of senescence or any of the hormones that affect senescence. In this same
direction, the ethylene signal transduction element EIN2 contains a cytoplasmic carboxyl
terminusthat is sufficient to activate downstream elementsin the ethylene pathway and has
structural homology to the yeast glucose sensor Snf3 (Alonso et al., 1999). It is thus possi-
ble that the ethylene pathway may integrate signals from sugar levels and senescence. The
existence of a network is highlighted by the several sugar-insensitive Arabidopsis mutants
(insensitive or uncoupled), which are affected in hormone action (Gazzarrini and McCourt,
2001). Unfortunately, most of what is known on the interaction of sugars and hormones has
been studied in Arabidopsis during early seedling growth and not in senescent organs. It
is tempting to speculate that the hypothetical model depicted for early seedling growth in
Arabidopsis can be extended to include senescent leaves (Gazzarrini and McCourt, 2001).
In this view, sugars obtained through hydrolysis of storage compounds from senescent
leaves (lipids, starch, fractions, etc.) would signal an increase in the levels of ABA. Con-
trary to the effect on germinating seedlings, where sugar signaling causes growth arrest, the
senescent leaf will inhibit photosynthesis and activate the lipid/starch/fraction breakdown
pathway.
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5.12 PCD during petal senescence

Recently, there has been much controversy over the use of the terms “senescence” and
“programmed cell death” (PCD), especially with regard to leaves (Thomas et al., 2003; van
Doorn and Woltering, 2004). In flowers it seems that the distinction is largely unnecessary.
The deterioration of aflower is certainly programmed, and is not a reversible process and
inevitably leads to flower senescence. Thus, the terms used essentially interchangeably,
using PCD more often when discussing the death of individual cell types, and senescence
for whole organs.

Selective removal of reproductive structuresis not unigue to plants. However, unlikein
mammals, both male and female reproductive structures in plants are only retained while
they are needed, and are developed de novo in perennial species during the following
reproductive cycle. The longevity of the flower is species specific and carefully tailored to
itsecological requirements. Thisisimportant becausethe flower can be asubstantial sink on
the plant’s resources, and as such, is energetically expensive to maintain beyond its useful
life (Ashman and Schoen, 1994). Another important reason for floral death after pollination
is to remove it from the population so that it does not compete for pollinators with the
remaining blooms. One of the key triggers for petal death is pollination, which initiates a
seriesof physiological events, orchestrated by plant growth regulators (PGRs). Ethyleneisa
clear regulator of petal senescencein some species(Stead and van Doorn, 1994); however, in
other speciesincluding lilies such as Hemerocallis (daylilies), Gladiolus, and Alstroemeria,
it appears to play little or no part (Woltering and van Doorn, 1988; Wagstaff et a., 2005;
Arora et al., 2006). How petal senescence in these species is triggered and orchestrated
remains unknown. Given the failure to find a common regulator for these species and their
taxonomic diversity, it seems likely that several interrelated mechanisms may be at play.
Resource all ocation has been onetrigger proposed, and indeed removal of lower flowersina
cymecan lead toincreased longevity of thefirst flower (Chanasut et al., 2003). However, this
isclearly not afull explanation for all ethylene-insensitive species. An important feature of
floral death isthat the different floral organs play very different roles. Hence, their lifespan
needs to be appropriately coordinated. Likewise, the purpose and fate of the dying cells
dependsonthe organ and tissuesinvolved. At awholeorgan level, petals, anthers, and stigma
are no longer required following pollination, whereas the ovary will mature to contain the
developing seeds. In many species, there is al'so a mechanism for rescuing resources from
the degenerating organs such as petals, and diverting them to other parts of the plant such as
the developing ovary (Stead and van Doorn, 1994). At atissue and cell level, the situation
is even more complex as there is a requirement for some reproductive tissues and cells to
die to ensure correct devel opment. For example, the tapetum must degenerate for pollen to
develop properly, and synergid cells must dieto allow fertilization. However, the fate of the
dead cellsisvery different. In the case of the tapetum, cell contents are used to form the coat
of the pollen grains, whereas removal of synergid cellsisrequired for fertilization to occur
(Christensen et al., 2002). Some types of cell death in floral organs also depend on specific
genetic interactions. PCD occurs as a result of incompatible pollination events (Thomas
and Franklin-Tong, 2004) and also as a result of defects in pollen development displayed
in cytoplasmic male sterile lines (Balk and Leaver, 2001). Thus, important questions with
regard to cell death in reproductive organs are the following: How do the cells perceive
and respond to death signals, or how do they know when to die? Are the primary signals
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processed in the same way by the different organs and cells? Is the type of PCD in flora
organs also found in other plant tissues and organs?

5.13 Death signal for cell

In some species, pollination dramatically shortensfloral lifespan. For example, orchid flow-
erswill last several monthsbut senescerapidly once pollinated. In several species, including
Petunia, tobacco, carnation, and orchids, senescence is mediated by the evolution of ethy-
lene following contact between pollen and the stigma surface, which precedes fertilization
(O’ Neill, 1997). However, the exact nature of the primary signal resulting in ethylene evolu-
tion has not been established, although other PGRs and |ow-mol ecular-weight compounds
have been implicated (O’ Neill, 1997). In carnations, ethylene produced from the pollinated
stigma is translocated, via the style and ovary, to the petals. Here, it upregulates ethylene
biosynthetic genes and induces the production of ethylene in the petals (ten Have and
Woltering, 1997). Once initiated, the evolution of ethylene becomes autocatalytic (Wood-
son and Lawton, 1988). This strongly suggests that promoters of the ethylene biosynthetic
genes respond to ethylene and contain ethylene-responsive elements (ERES). To date, this
has not been verified, although an ERE from a senescence and ethylene-regulated gene in
carnation bears similaritiesto the ERE from an ethylene-responsive fruit-ripening gene, E4,
suggesting commonality of transcription factors in these two processes (Deikman, 1997).
The response to ethyleneis regulated by the production of ethylene receptors, but how this
regulation is achieved is not clear. In tomato an ETR1 (“ethylene-resistant”)-type ethylene
receptor was not transcribed in young flowers or senescent flowers, but only in mature flow-
ers (Payton et al., 1996). Furthermore, ethylene receptor expression may itself be regul ated
by ethylene production. In pea, transcripts of an ERS (“ethylene response sensor”)-type
ethylene receptor were reduced when unpollinated flowers were treated with an inhibitor
of ethylene biosynthesis (Orzaez et a., 1999). So the balance between receptor produc-
tion and ethylene sensitivity is clearly regulated at several levels. Notably, in speciesin
which ethylene is a mgjor regulator, ethylene-independent signals are also present. Dis-
ruption of ethylene signaling or biosynthesis in carnation and petunia results in delayed
floral death, but the flowers do eventually die (Michael et al., 1993). Perhaps it is these
endogenous signals that are active in species where ethylene is not a major regulator. Sev-
eral global transcriptome studies (e.g., Alstroemeria, Breeze et a., 2004; Iris, van Doorn
et a., 2003) have attempted to reveal the genes or pathways regulating floral degenera-
tion in these species, however, no clear patterns have yet emerged. A possibility is that
senescence and PCD are regulated posttranscriptionally, as argued by Thomas et al. (2003).
Perhaps a complex network of both transcriptional and posttranscriptional control is in-
volved, as is found in other fundamental cellular processes such as the cell cycle. If the
underlying ethylene-independent lifespan control in ethylene-sensitive species is common
to ethylene-insensitive species, then models such as Arabidopsis and Brassica or tomato
and petunia may serve as better examples to investigate these control networks. Langston
et a. (2005) used this approach to study DNA fragmentation in petunia, showing that the
ethylene induction of a 43-kDa nuclease (PhNUC1) was delayed in 35S:etrl1-1 plants but
not eliminated. Likewise, in Arabidopsis, transcriptome and perhaps proteome analysis of
petal senescence in etrl-1 lines may be a fruitful line of enquiry. However, if ethylene-
independent regulation turns out to be species specific, then it is important to continue
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work with the diverse species currently being studied to appreciate the range of networks
employed.

Another important question is whether the same signal differentially regulates PCD in
floral organs. In some cases the answer is yes. for example, in tobacco, ethylene regulates
petal senescence (Rieu et al., 2003); however, at the same time ovary tissues continue to
develop. So how isa primary signal such as ethylene transduced to ensure the coordinated
life and death of different floral organs? Presumably, this is through differential signa
translocation or differential signal perception. Petal margins often degenerate before the
center and cross sections of devel oping petals reveal that while the epidermal cells are still
functional, mesophyll cells have largely degenerated even before the flower is fully open
(Wagstaf et al., 2003). So, isthere agradient of adiffusible signal, or of receptors or other
intracellular mediators of the cell death signal? In some cases, this signaling differential is
very distinct: in the Arabidopsis gfa2 mutant, synergids fail to undergo PCD, but antipodal
PCD is not affected (Christensen et al., 2002). Ethylene is not the only PGR-stimulating
PCD in flora organs. some links to other PGRs are reviewed in Wu and Cheung (2000).
Mutation of gibberellic acid biosynthetic genes anther ear 1 and dwarf resultsin failure to
abort stamens on maize femal e flowers. Mutation of a gene associated with brassinosteroids
(TS) (“tasselseed”) results in feminization of male flowers, and application of jasmonate
(JA) enhances petal senescence in some species (Porat and Halevy, 1993), although this
effect may be indirect through ethylene signaling. Elevating cytokinin levels in petunia
delayed flower senescence; however, this may also be indirect through changes in sugar
transport (Lara et al., 2004). So are all these PGRs involved in floral PCD in all species?
Or are there important quantitative or even qualitative species-specific differencesin their
effects? Perhaps metabol omic approaches to measure endogenous level s of PGRs, coupled
with a more extensive use of mutants, may begin to address these questions.

5.14 PCD mechanism in floral organs

van Doorn and Woltering (2005) have recently categorized plant PCD into three types:
apoptotic, autophagic, and neither apoptotic nor autophagic. In animal cells, four types of
apoptosis have been described (Orrenius et al., 2003), three of which involve cytochrome C
release from the mitochondrion controlled by afamily of proteins (Bcl-2) that interact with
the mitochondrial membrane to facilitate or inhibit this process. Cytochrome C then acti-
vates afamily of cysteine aspartate—specific proteases (caspases), which both regulate and
affect PCD. Apoptotic PCD in animalsis characterized by cytological features, including
chromatin and nuclear condensation and marginalization followed by DNA fragmentation
into nucleosomal units known as DNA laddering, nuclear blebbing, and formation of mem-
brane inclusions known as apoptotic bodies (Cohen, 1993). The apoptotic bodies are then
engulfed by neighboring living cells. In the tapetum and pollen tubes, there is compelling
evidence to support an important role for the mitochondrion and involvement of caspases.
This suggests amechanism similar to animal apoptosis, although caution must be exercised
in drawing too close a parallel, as engulfment of cellular remains by other cells does not
occur in plants (van Doorn and Woltering, 2005). Following its nutritive role during pollen
development, the tapetum degenerates. Thisis characterized by chromatin condensation in
Lobivia rauschii and Tillandsia albida (Papini et al., 1999), and by DNA fragmentation in
barley anthers (Wang et al., 1999).
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PCD was also studied in the petals of Antirrhinum majus, Argyranthemum frutescens,
and Petunia hybrida, using DNA degradation and changes in nuclear morphology as pa-
rameters by Yamada et a. (2006). The petals exhibit loss of turgor (wilting) as a visible
symptom of PCD. DNA degradation, as shown on agarose gels, occurred in all species
studied, prior to visible wilting. The number of DNA masses in al the petals of a flower,
determined by flow cytometry, markedly increased in Argyranthemum and Petunia, but
decreased in Antirrhinum. Many small DNA masses were observed in Argyranthemum
and Petunia. The surface of each small DNA mass stained with the lipophilic fluorochrome
3,3'-dihexyloxacarbocyanineiodide (DiOCB6), indicating that these masseswere surrounded
by a membrane. In Antirrhinum, in contrast, the chromatin fragmented into several small
spherical clumps that remained inside a large membranous structure. Nuclear fragmenta-
tion, therefore, did not occur in Antirrhinum, whereas nuclear fragmentation possibly was
a cause of the small DNA masses in Argyranthemum and Petunia. 1t is concluded that at
least two contrasting nuclear morphologies exist during PCD. In the first, the chromatin
fragmentsinside the nucleus, not accompanied or followed by nuclear fragmentation. Inthe
second, alarge number of DNA masses were observed each enveloped by amembrane. The
second type was probably due, at least partially, to nuclear fragmentation (Yamada et al.,
2006).

5.15 PCD functional categorization

A functional categorization of PCD can be made on the basis of the fate of the cell con-
tents. Remobilization is central to leaf, sepal, and petal senescence (Thomas et al., 2003)
and in a different way also to tapetal PCD. But endothecium, synergid, antipodal cell, or
pollen-tube PCD is the selective death of unwanted cells. In green tissues, the chloroplast
is seen by some (Thomas et al ., 2003) as the key participant in the senescence process, and
an early sign of senescence in green tissues is conversion of chloroplasts to gerontoplasts.
Sepals, the floral organ that most closely resembles leaves, senesce in a similar way: in
broccoli, sepal chlorophyll degradation is the first visual sign of senescence (Page et .,
2001). Petals are, however, not usually green, and an early step in their development is a
conversion of chloroplasts to chromoplasts. This conversion has been compared with the
chromoplast/gerontoplast transition (Thomas et a., 2003) with the inference that petals
are most similar to senescent leaves. This agrees with the very early cell death seen in
flowers (Wagstaff et al., 2003) presumably associated with nutrient remobilization. How-
ever, in-silico comparison of transcriptome changes in senescent Arabidopsis |leaves and
petals indicates that 25-30% of genes share similar patterns of expression. At a subcellu-
lar level, morphological changes to subcellular compartments during PCD are shared by
many different cell types and tissues (Rogers, 2005). VPEs are found in |leaves, roots, and
flowers; ricinosomes are seen in seed and petal tissues; and caspase activity is detected in
pollen tubes undergoing SI, and in many nonfloral tissues during natural senescence and
also during pathogen responses (Sanmartin et a., 2005).

Progress in our understanding of PCD in plants has been rapid in the last 10 years, but
the key regulators of some types of floral organ senescence, such as petal senescence in
ethylene-insensitive species, remain obscure, except gladiolus (Arora and Singh, 2006). It
isalso unclear whether regulation of petal senescence and PCD in these speciesissimilar or
divergent. Thelatter isanimportant question to resolve beforeagood model for these species
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Table 5.1 Comparison of signaling and possible mechanisms of PCD in floral organs

Floral organ

Intercellular signals

Mechanism for PCD

References

Sex organ abortion
Tapetum in cytoplasmic
male sterility lines

Synergids

Petal senescence

GA and brassinosteroids
Mitochondrial
dysfunction

Pollination in some

species
Ethylene in some species

Jasmonate (via ethylene)

Cytokinin (via sugar
transport)

5

Cytochrome C release
followed by loss of
mitochondrial function

Requires mitochondrial
function

Calcium/phosphate
signaling, ROS
increases

Activation of vacuolar
lytic enzymes through
vacuolar-processing
enzyme (caspase 1
activity)

Activation of vesicle
bound proteases,
vacuolar leakage

Wu and Cheung (2000)
Balk and Leaver (2001)
Christenson et a. (2002)

Porat and Halevy (1993),
Kinoshita et a. (1999)

Orzaez et a. (1999),
Schmid et al. (1999)

Wagstaff et al. (2003),
Laraet al. (2004)

Pollen tube During self- Increased calcium, Thomas and Franklin
incompatibility cytochrome C release (2004)
and caspase-3 activity

can be developed. Table 5.1 shows the comparison of signaling and possible mechanisms
of PCD in variousfloral organs.

5.16 A proteomic analysis of plant PCD

Degpite the fundamental importance of PCD in plants, comparatively little is known about
the molecular mechanisms of plant PCD. Plant genomes do not contain obvious homologs
tothekey animal cell death proteinssuch asthe Bcl-2 family proteins (Arabidopsis Genome
Initiative, 2000), although afamily of genes related to mammalian caspases has been iden-
tified in plants (Uren et al., 2000). Biochemical studies of plants have been able to establish
acausal role for events such as the translocation of cytochrome C from the mitochondria
to the cytosol (Balk et a., 1999; Sun et al., 1999; Zhao et al ., 1999; Xu and Hanson, 2000).
In an attempt to identify key plant PCD genes that may function universally during dif-
ferent types of plant PCD, Swidzinski et a. (2002) have previously undertaken a custom
microarray analysis of gene expression during PCD in an Arabidopsis cell suspension cul-
ture. By identifying mRNA transcripts that changed in abundance following two unrelated
PCD-inducing treatments (abrief, mild heat treatment for 10 min at 55°C and culture senes-
cence), they have been able to discriminate between genes that may be common to a core
plant cell death program and those that are specifically related to the inducing stimulus it-
self. Whilethis study was successful in identifying several candidate genes whose common
up- or downregulation during PCD may indicate arole for their productsin plant PCD, it
was restricted to elements of the PCD process that are transcriptionally regulated and ig-
nored posttranscriptional and posttranslational regulation. Indeed, posttranslational events
such as proteolytic cleavage and activation and modifications such as phosphorylation are
key regulatory eventsin animal PCD (Reed, 2000). As afirst step toward identifying such
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Fig. 5.4 Two-dimensional polyacrylamide gel electrophoresis analysis of total cellular protein from control cell
cultures and cell cultures undergoing PCD. Spots (1-12) identified as being unique to and/or increased in relative
abundance in both heat-treated and senescing samples undergoing PCD were excised, digested with trypsin, and
analyzed by MS/MS. Each gel result was repeated in triplicate: (a) untreated, 6-day-old cultures; (b) 6-day-old
culturesincubated for 10 min at 55°C and sampled immediately thereafter; (c) senescing, 13- to 14-day-old cultures
(Swidzinski et al., 2004).
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posttranscriptional mechanisms that function during plant PCD, a proteomic analysis of
changesin total cellular protein content was performed during both heat- and senescence-
induced PCD in an Arabidopsis cell culture. Both PCD systems were accompanied by a
decreased protein content and anincreased proteolytic activity. Analysisof two-dimensional
gel electrophoresis displays of proteins revealed 11 proteins whose abundance (relative to
total protein) increased following both treatments. The relative increase of these proteinsin
both heat- and senescence-induced PCD system suggests that they may play a general role
in the plant cell death program (Swidzinski et al., 2002; Fig. 5.4).

5.16.1 Proteomic analysis of heat- and senescence-induced PCD

Toidentify proteinsthat areimportant in the PCD pathway, Swidzinski et al. (2002) fraction-
ated equal amounts of protein from control cells, from heat-treated cells, and from senescent
cells using two-dimensional gel electrophoresis. Sets of protein spots that increased in rel-
ative abundance (PCD/control) of at least twofold in comparison to the control in three
replicate gels were identified. The increase in these proteins was statistically significant.
From these sets, a subset of proteins that increased in abundance in both the heat-treated
cellsand the senescent cells wasidentified. Twelve protein spots were commonly increased
in relative abundance in both treatments rel ative to the control, healthy cell cultures. These
spots were excised from the gel, digested with trypsin, and the proteins identified using
tandem MS/MS mass spectrometry. Four of these spots are isoforms of catalase, while
several, including lipoamide dehydrogenase, the voltage-dependent anion channel protein
Hsr2, and MnSOD are mitochondrial proteins. In addition to an EP1-like glycoprotein and
aprotein of unknown function, they also identified an aconitase protein that has previously
been demonstrated to be present in Arabidopsis mitochondria but may also be present in
the cytosol (Millar et al., 2001). The aconitase spot was increased in rel ative abundance by
afactor of 2.9 in the senescence-induced PCD cells. In addition, the appearance of multiple
spots that are the product of the same gene, suggesting that posttranslational modification
of these proteins had occurred. Spots 4 and 5 both are encoded by the same catalase gene,
Atlg20620, and spots 10 and 11 are both products of the same gene, A¢t3g10920, encoding
MnSOD.

5.16.2 Relative increases in antioxidant enzymes are
associated with plant PCD

Theincreased relative abundance of four catalase isoforms and two forms of mitochondrial
MnSOD in both heat- and senescence-induced PCD is consistent with the observation that
oxidative stress is implicated in the induction/execution of PCD (Swidzinski et al., 2002;
Hildeman et al., 2003). Previous studies have shown that transgenic tobacco plants with
reduced catalase levels show increased susceptibility to stress conditions (Willekens et al.,
1997) and are hyperresponsive to pathogen attack (Mittler et al., 1999), indicating that this
enzyme plays a central role in antioxidant defense. The identification of two isoforms of
the same protein suggests that posttransl ational modification of MNnSOD may be important
during plant PCD, and that perhaps such modifications occur only under severe conditions
of oxidative stress, that is, those sufficient to cause PCD. Thismay be particul arly important
in preventing widespread mitochondrial damage during theinitiation and execution of PCD,
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since maintenance of mitochondrial function may be required during thistime. Changesin
levels of ROS and oxidative stress are often observed in association with plant programmed
cell death. However, it remains unclear whether increased ROS are generated actively asa
signal to trigger the PCD pathway, or whether ROS are a byproduct of the stress condition
that induces PCD. If the former possibility is correct, then one would expect to see a
downregulation of antioxidant enzymes such that the ROS signal is not quenched. Such
a downregulation has been observed during developmental PCD in barley aeurone cells
(Fath et al., 2001).

5.16.3 Specific mitochondrial proteins are associated with PCD

It is remarkable that of the eight gene products whose relative abundance increased fol-
lowing the induction of PCD, four are targeted to the mitochondrion. This may either
imply that mitochondrial proteins are particularly important during PCD or that proteins
within the mitochondrion are protected from the proteolytic degradation that is occurring
elsawhere in the cell. If the latter is true, then one would expect to see an increase in
abundance of all mitochondrial proteins relative to total cellular protein. The abundance
of several other mitochondrial proteins by Western blotting was assayed by Swidzinski
et a. (2002). The following proteins, representing different submitochondrial compart-
ments, were analyzed: porin/VDAC (outer membrane), adenine nucleotide translocase (in-
ner membrane), fumarase (matrix), and the Elasubunit of pyruvate dehydrogenase complex
(matrix). The increase in relative abundance of VDAC in both heat-treated and senescent
cells observed on two-dimensional gels was confirmed, but other mitochondria proteins
did not follow the same pattern. For example, Elais aimost undetectable in heat-treated
cells but appears to be increased during senescence. Conversely, fumarase levels are in-
creased in the former and decreased in the latter. It appears that not al mitochondrial
proteins are maintained during PCD, but specific mitochondrial proteins (including super-
oxide dismutase (MnSOD), a voltage-dependent anion channel (VDAC) Hsr2, aconitase,
and lipoamide dehydrogenase may play important rolesin the PCD pathway. The increased
relative abundance of lipoamide dehydrogenase, a subunit that is a part of several mi-
tochondrial multienzyme complexes including pyruvate dehydrogenase complex (PDC)
and 2-oxoglutarate dehydrogenase complex (2-OGDC) (Lutziger and Oliver, 2001), isin-
teresting given that other subunits of these complexes, such as the Ela subunit of PDC,
decrease in abundance during heat-induced PCD. This suggests the increased lipoamide
dehydrogenase content is not related to the function of mitochondrial dehydrogenase com-
plexes but may reflect an aternative function for lipoamide dehydrogenase. One possi-
bility is that changes in the redox state of lipoamide may form part of a redox signaling
mechanism.

5.16.4 Identification of a potential cell-to-cell
PCD signhaling mechanism

One of the protein spots that increased in relative abundance during heat- and senescence-
induced PCD was identified as an EP1-like protein. This protein is 51% identical and 67%
similar to an extracellular glycoprotein, EP1, initially characterized in carrot suspension
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cells (van Engelen et al., 1991). The protein identified in this study bears homology (40—
60% similarity) to S-like glycoproteins and the S-like domain of receptor proteins kinases
fromsevera species, including Arabidopsis. Since Arabidopsis, like carrot, doesnot possess
agenetic self-incompatibility system (Bi et a., 2000), the EP1-like protein may beinvolved
in other receptor kinase activation pathways and signal transduction. The encoded EP1-
like protein is predicted to be a part of the secretory pathway (Emanuelsson et al., 2000)
and therefore may be secreted in Arabidopsis cell cultures undergoing PCD as part of a
cell-to-cell signaling mechanism.

Swidzinski et al. (2004) identified a number of proteins that are increased in relative
abundance during PCD-induced in an Arabidopsis cell suspension culture by two indepen-
dent means. These proteins appear to be maintained in the face of general and extensive
protein degradation and therefore may berequired to allow PCD to proceed. Several of these
proteins show evidence of posttranslational modifications, which may alter their properties
for a PCD-specific function. While the identified antioxidant proteins are most probably
a response to the stress of the inducing stimuli rather than being related directly to the
PCD process, plausible PCD-related roles for several of the other proteins can be hypoth-
esized. It is particularly intriguing that they identified several mitochondrial proteins since
the mitochondrion has been established to be at the heart of the PCD pathway in ani-
mals (Kroemer and Reed, 2000). These mitochondrial proteins may be involved in redox
signaling (lipoamide dehydrogenase and aconitase) that triggers PCD or in the release of
proapoptotic mitochondrial proteinsinto the cytosol (VDAC). They alsoidentified an extra-
cellular glycoprotein that bears sequence similarity to receptor kinases and may therefore
be part of a signaling mechanism that transmits a “death signal” between cells. Such a
mechanism may be important in maximizing the efficiency of alocalized death lesion to
minimize pathogen spread or transmission of oxidative insults. The identification of such
a receptor-based pathway of PCD would not only have direct biological significance, but
would also constitute a much needed research tool that would allow the precise induction
of PCD in the absence of astress stimulus. Such an approach would allow a more definitive
identification of genes and proteins that play arolein plant PCD. This study demonstrates
theutility of the proteomic approachin addressing abiological systeminwhichthereislittle
prior knowledge to form the basis of more hypothesis-driven studies. Proteomic analysis
identified a number of proteinsthat are putatively involved in plant PCD and have provided
a foundation for further functional studies to examine the precise roles and functions of
these proteins.

5.17 Conclusions and future directions

Theexamplesof developmental PCD intheplantsdiscussed, illustrate adiversity of datasets
but al so somefundamental differencesbetweenthedifferent cell fatesand PCD mechanisms.
It can be asked, how useful is the animal model of apoptosis or autophagy in explaining
plant PCD mechanisms? In common with most animal PCD systems, asignal extrinsic to
the cell, often hormonal is usualy involved. However, there is no one PGR which induces
PCD, athough ethylene, GA, and brassinosteroids appear in more than one system. There
are few clear-cut examples of completely autonomous PCD, athough perhaps the root cap
comesclose. Another interesting issueishow cellsadjacent to cellsundergoing PCD protect
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themselvesfrom the “ death signals” Datafrom ethylene signaling in the endosperm (Gallie
and Young, 2004) indicatethat at |east in some systemsthis may be achieved by adifference
in sensitivity. However, in the TE system another mechanism seemsto be operating. Here,
there is evidence for an inhibitor of proteasome-mediated protein degradation which is
released into the apoplastic space (Endo et a., 2001) and which protects living cells from
the hydrolases released during TE PCD. Vacuolation accompanies PCD in more than half
of the examples reviewed, and in generally rupture of the vacuole coincides with release
of hydrolases into the cytoplasm. This suggests a possible model (Fig. 5.5) that would
account for at least some of the systemsreviewed. In thismodel an external signal activates
increases in cytoplasmic calcium, which in turn stimulates the fusion of small vacuoles
derived either from the ER or the golgi to form alarge vacuole. This vacuole accumul ates
hydrolytic enzymes. Its collapse, resulting either from ROS accumulation, or activation of
aproteolytic cascade, releases hydrolases into the cytoplasm. The hydrolase rel ease results
in organellar breakdown and macromolecul e degradation ending in cell death. This model
has clear parallelsto animal autophagy although the vacuol e rather than the lysosomeisthe
primary organelle involved.

There are many open questionsin the field of PCD in plants. However, we have most of
the experimental toolsin place and we should be able to answer these questionsin the near
future. Identifying more PCD genes in plants and placing them along the different PCD
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Fig. 5.5 Model showing major signals (black arrows) and cytol ogical/biochemical events (open arrows) during
autophagic-type PCD in plants. Cell types/tissue in which these features have been reported are indicated as
follows: A, aleuronecells; AE, aerenchyma; L, leaf sculpting; LS, leaf senescence; P, petal senescence; R, Ricinus
endosperm; RC, root cap; S, starchy endosperm; SE, supernumerary embryos; S|, pollentubeduring S interaction;
SU, suspensor; SY, synergids; T, tapetum; TE, tracheary elements.
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pathways should be our first priority. These studies would lead to elucidating the relation-
ship(s) between different PCD pathways in plants (developmental, pathogen-derived, and
abiotic stress-associated), and to a broader understanding of PCD in plants. As described
earlier, the benefits to agriculture should more than compensate for the expenses spent on
research related to PCD in plants.
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Chapter 6

Ethylene Perception and
Gene Expression

Willis O. Owino and Hiroshi Ezura

6.1 Introduction

Fruits, vegetables, and flowers are economically important horticultural products liable
to postharvest deterioration and thus require appropriate postharvest handling techniques
to lengthen their shelf life while maintaining quality. An understanding of the key control
pointsof thephysiological processespreceding senescenceisnecessary indevel oping useful
strategies for delaying postharvest deterioration in these plant products.

The phytohormone ethylene is known to regulate multiple physiological and devel-
opmental processes in plants, such as leaf and flower senescence, fruit ripening, organ
abscission, and growth transition from vegetative phase to reproductive phase, and is also
involved inthereactionsof plantsto abiotic and biotic stresses (Abeleset a ., 1992; Ogawara
et al., 2003; Guo and Ecker, 2004; Chen et al ., 2005). Ethylene perception isakey event dur-
ing such physiological responses. Extending shelf life by delaying the biosynthesis and/or
minimizing the action of the plant hormone ethylene has been an attractive target area of
study for postharvest physiologists. This technigue has the potentia to reduce damage and
postharvest loss of horticultural products while increasing the shipping range and market
area. This chapter outlines the major advancesin our understanding of ethylene perception
in fruits, vegetables, and flowers in the recent past.

6.2 Background on ethylene perception

After ethylene has been synthesized, it is perceived and the signal transduced via a trans-
duction machinery to trigger specific biological responses. Many key components of the
ethylene signal transduction pathway wereidentified from asimple genetic screening of the
model plant species Arabidopsis thaliana that made use of ethylene’s effect on dark-grown
seedlings known asthe “triple response.” Thetriple responseis characterized by theinhibi-
tion of hypocotyl and root el ongation, athickening of hypocotyl, and an exaggerated apical
hook. (Anillustration of the “triple response” using dark-grown melon seedlings is shown
in Fig. 6.1.) Taking advantage of the triple responses, populations of mutagenized Ara-
bidopsis were screened for seedlings that displayed an atered triple-response phenotype,
and this approach resulted in the identification of several ethylene-insensitive mutants.
These mutants include those that are insensitive to the ethylene receptors etri (ethylene
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Fig. 6.1 The triple response of dark-grown melon seedlings to ethylene. Wild-type seedlings grown in the
absence (left) or presence (right) of ethylene.

response) (Bleecker etal., 1988; Changetal., 1993) and etr2 (Sakai et al ., 1998). Cloning and
characterization of genes disrupted in these mutants have defined a mostly linear pathway
for ethylene signal transduction leading from initial hormone perception to transcriptional
regulation.

In Arabidopsis, ethylene perception initiates with the binding of ethyleneto afamily of
five receptors, namely, ETR1, ERS1, ETR2, EIN4, and ERS2. ETR1 was the first member
of the receptor family identified, and has been characterized in the most detail. Ethylene
binding is mediated by a copper cofactor (Rodriguez et al., 1999) that is provided to the
receptors by the copper transporter RAN1. All of the encoded receptor proteins show sim-
ilarity to bacterial two-component His kinases, which allows bacteria to adapt to changing
environmental conditions (Chang et al., 1993; Huaet al., 1995, 1998; Sakai et al., 1998).

Aswith the two-component regulatorsin bacteria, the ethylene receptors can be divided
into multiplefunctional domainsincluding asensor domainthat consistsof atransmembrane
region responsible for ethylene binding (Schaller and Bleecker, 1995; Hall et al., 2000); a
GAF domain of unknown function (GAF domains are ubiquitous motifs present in cyclic
guanosine monophosphate (cGM P)-regul ated cyclic nucleotide phosphodiesterases, certain
adenylyl cyclases, the bacterial transcription Factor FhlA, and hundreds of other signaling
and sensory proteins from all three kingdoms of life) (Aravind and Ponting, 1997); a His
kinasedomain, and, inthe case of ETR and EIN4 typereceptors, areceiver domain predicted
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Sensor GAF Histidine kinase

SI-ETR1&ETR2 |-|-|_<>—
Subfamily |

SLETRUNR  gay < > -
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Fig.6.2 Schematic representation of thetomato ethylenereceptor proteinsand their functional domain structures
similar to Arabidopsis. The sensor domain contains three hydrophobic, transmembrane regions. Ethylene binding
occurs within this amino termina hydrophobic region. Subfamily Il has a fourth membrane spanning domain.
The GAF domain is conserved among a range of diverse group of proteins. Its function in ethylene signaling
is unknown. There are five subdomains that define the catalytic core of His kinase domain. While subfamily |
contains all of these subdomains, subfamily |1 lacks one or more of them.

Subfamily Il

to modul ate the activity of a downstream factor (Chang et al., 1993; Huaet al., 1998; Sakai
et al., 1998). Recent studies with bacterial two-component systems support an important
role for receptor interactions in signal output. In plants, ETR1 and ERSL receptors have
been shown to form homodimers, while ERS-type receptors have been postul ated to use the
receiver domains of other receptors to form heterodimers with them (Schaller et al., 1995;
Takahashi et al., 2002; Wang et al., 2003).

Based on distinguishing structural features and overall sequence similarity, the mem-
bers of the ethylene receptor family can be divided into two subfamilies: subfamily | and
subfamily Il (Stepanova and Alonso, 2005). Subfamily | ethylene receptors have three
transmembrane domains and a well-conserved histidine kinase domain. On the other hand,
subfamily Il receptors contain a putative signal peptide in addition to the three conserved
transmembrane domains and a histidine kinase domain that lacks one or more elements
that are necessary for catalytic activity. (A schematic representation of the tomato receptors
structures similar to that in Arabidopsis is shown in Fig. 6.2.)

6.3 Ethylene perception in fruits and vegetables

Subsequent studies regarding ethylene perception have focused on the isolation and char-
acterization of the receptor gene family from various plant species. However, in fruit and
vegetable species, tomato has emerged as the most useful model to date, due to its com-
mercial importance, ease of genetic manipulation, rapid life cycle, year-round nonseasonal
greenhouse fruit production, well-characterized single gene-ripening mutants such as never
ripe (nr), nonripening (nor), ripening inhibitor (rin), and green ripe (gr) and the availability
of detailed genetic maps, EST collections, microarray chips, and full-length cDNA collec-
tions (Alexander and Grierson, 2002; Barry et al., 2005; Barry and Giovannoni, 2006; Klee,
2006). Consequently, much of our understanding of ethylene perception in fruit species
comes from studies on tomato. The tomato has been renamed Solanum lycopersicum (for-
merly Lycopersicon esculentum), and this had led to the renaming of its genes.
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The involvement of ethylene and its receptors in the ripening of climacteric fruits has
been reaffirmed in several fruits, even though it has also emerged that the role played
by ethylene is not exclusive, since ethylene-independent pathways are also involved in
the ripening process (Giovannoni, 2004). There appear to be significant differences in the
way ethylene signaling is regulated in Arabidopsis and tomato. But the building blocks
of ethylene signal transduction are very similar between the two species. A family of six
genes encoding tomato ethylene receptors (LeETR1-6/SIETR1-6) has been isolated and
characterized and the predicted structures are similar to Arabidopsis (Fig. 6.2) (Alexander
and Grierson, 2002; Kleeand Tieman, 2002; Klee, 2002, 2004, 2006). The proteins encoded
by these genes are structurally diverse and, at the most, are less than 50% identical. The
MRNA expression patterns vary among the tomato ETRI homologs. LeETRI is expressed
constitutively in all tissues examined. LeETR?2 is expressed at low levels in all tissues
with induction in seeds before germination and downregulation in elongating seedlings
and senescing leaf petioles. NR (LeETR3) mRNA is upregulated in ovaries and ripening
fruit. The LeETR4 mRNA is present at high levelsin fruit but is low in vegetative tissues.
The LeETR5 expression pattern issimilar to LeETR4, but absolute mRNA levelsare lower.
The LeETR6 mRNA is abundantly expressed in flowers and fruits and less in vegetative
tissues.

Other than tomato fruit, the ethylene receptors have been isolated in several climacteric
and nonclimacteric fruits, and exhibits different expression patterns during ripening. The
melon fruit is second to tomato fruit when it comes to research work carried on ethylene
perception. Melon fruit isan ideal fruit for these studies due to the fact that its devel opment
has three distinct stages. phase I, I, and I11; the flesh, embryo, placenta, and seeds are
well ordered; the fruit development can be clearly divided into ethylene-insensitive and
ethylene-sensitive stage, and the developing fruit has a lower sensitivity to ethylene than
does the ripening fruit (Gillaspy et al., 1993; Takahashi et al., 2002). In muskmelon, Cm-
ERST mRNA increased dlightly in the pericarp of fruit during ripening, followed by a
marked increase of Cm-ETRI mRNA, which paralleled climacteric ethylene production.
Theincrease of Cm-ERST mMRNA at alow concentration of ethylene before the increase of
Cm-ETRI mRNA and ethylene production indicates that Cm-ERSI may be sensitive to a
much lower concentration of ethylene, while Cm-ETR1 may be involved in the response at
a high concentration of ethylene (Sato-Nara et a., 1999). Studies carried out to examine
the temporal and spatial expression pattern of Cm-ERSL protein, during fruit devel opment,
revedled that a posttranscriptional regulation of Cm-ERS1 expression affects stage- and
tissue-specific accumulation of the protein (Takahashi et al., 2002). The melon receptor
CmERSLI was localized at the endoplasmic reticulum and its topology indicates that there
arethree membrane-spanning domains, with its N-terminusfacing theluminal spaceand the
large C-terminal portion being located on the cytosolic side of the ER membrane (Fig. 6.3)
(Maet a., 2006a). The melon subfamily 11 ethylene receptor, Cm-ETR2 mMRNA, exhibits
earlier accumulation compared to Cm-ETR1 duringripening, and itstranscript accumulation
increased during melon ripening, and declined in parallel with a reduction in ethylene
production. Furthermore, the Cm-ETR2 mRNA was induced by ethylene treatment and
inhibited by 1-MCP (Owino et al., unpublished results).

The expression of two ethylene receptor genes in passion fruit (Passiflo a edulis),
PeETRI and PeERSI, did not change significantly during ripening. However, the levels
of PeETR1 and PeERST mRNA were much higher in arilsthan in seeds (Mitaet a., 1998).
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Fig. 6.3 A proposed model for CmERSL topology on the ER membrane. Based on membrane fractionation,
GFP imaging, protease protection assay, and glycosylation analysis, we propose that CmERS1 is predominantly
localized to the ER and spans the membrane three times with its N-terminus facing the lumina space and its
C-terminus lying on the cytosolic side (Maet al., 2006a).

High levels of PeERS2 mRNA were detected only in the arils of ripe purple fruit. Although
the expression of PeERS2 mRNA was enhanced during ripening, a markedly high level
of PeERS2 mRNA was detected only in the arils of ripened purple passion fruit, and no
ripening-regulated expression was apparent in seeds. Exposure of mature green fruit to
ethyleneincreased the levels of PeERS2 mRNA, suggesting that PeEERS2 might play arole
in repressing ethylene responses at later devel opmental stages after fruit ripening has been
completed (Mitaet a., 2002).

Ethylene perception has also been described to be involved in apple fruitlet abscis-
sion and early development (Cin et al., 2005). The apple (Malus domestica) MdETRI and
MdJERS1 gene expression patterns were tissue specific, with MdETR1 transcripts being
abundant in the peduncle, abscission zone, and seed than in the cortex of early developing
fruits (nonabscising fruitlets), even though the expression awaysremained at a steady-state
level. The MdERS] transcripts increased throughout shedding in all tissues of abscising
fruitlets, indicating a possible role for this ethylene receptor in abscission. An increase
in ethylene evolution and/or sensitivity at the abscission zone level would regulate the
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expression of genes encoding specific cell wall hydrolases, leading to abscission zone cell
separation and to fruitlet shedding.

The avocado (Persea americana) PA-ERS1 mMRNA increased gradually from the day of
harvest, and did not change significantly until the climacteric peak when it was hyperin-
duced. 1-M CP however suppressed the accumulation of PA-ERS] to basal levels suggesting
that the stimulated induction of P4-ERSI at the climacteric peak maybe a mechanism by
the avocado fruit to dissipate the high level s autocatal ytic ethylene (Owino et a., 2002).

In peach (Prunus persica), the expression of Pp-ETR1 appeared to be constitutive and
ethylene independent during fruit development and ripening, while Pp-ERS] transcripts
increased during fruit ripening and its expression appeared to be upregulated by propylene
treatment (Rasori et al., 2002). Application of the ethylene antagonist, 1-M CP, delayed fruit
ripening, ethylene evolution, and concurrently downregulated Pp-ERS1, while Pp-ETR1
transcription was unaffected. 1-MCP action was rapidly abolished after moving fruits to
air, when arapid stimulation of ethylene evolution and a concurrent increase of Pp-ERSI
MRNASs were observed.

Cold treatment of late-season pear (Pyrus communis cv. Passe-Crassane) fruit leads
to a gradual increase in ethylene production and a commensurate increase in ethylene
receptor mRNA expression (El-Sharkawy et al., 2003). The Pc-ETR 1a mRNA accumulation
was upregulated by cold and during ripening, whereas Pc-ERSIa and Pc-ETRS5 were less
affected by cold treatment, but all increased during postcold treatment, ethylene-dependent
ripening. A sharp peak of Pc-ETRIa and Pc-ERSIa mRNA accumulation was observed
during ripening in the early-season pear cultivars, in contrast to the gradual increase seen
in late-season pear cultivar, Passe-Crassane (PC). A more pronounced difference between
early-season cultivars and late-season cultivar PC was seen in the behavior of Pc-ETR5
transcript accumulation. Transcript levelsfor Pc-ETR5 diminish sharply before and during
the ethylene climacteric and ripening of early-season pear fruit, whereas in late-season
cultivar they increase sharply. This suggests that a decrease in the expression of a negative
regulator could result in an increase in ethylene sensitivity early in the ripening phase
of early fruit development. However, given the potential for redundancy in the ethylene
receptor family, it remains to be determined whether reduced levels of Pc-ETRS5 affect
the overall ethylene sensitivity of early-season pear fruit.

Three ethylene receptors—DKERS1, DKETRI, and DkETR2—have been isolated and
their expression determined during ripening of persimmon (Diospyros kaki) fruit (Pangetal.,
2006). The DKETR1 mRNA isconstitutively expressed during all stagesof fruit ripening and
is ethylene-independent. Conversely, DKERS1 and DKETR1 mRNA levels correlated with
ethylene production during fruit development and ripening and were induced by ethylene.
The DKERS1 protein decreased gradually prior to fruit maturation and reached its lowest
level at the ripening stage when ripening-related ethylene was produced, suggesting the
involvement of DKERSL in ethylene perception during fruit ripening.

In contrast to the great deal of information available regarding the ethylene receptors
in climacteric fruits, much less is known about nonclimacteric fruits. At present, no single
growth regulator appearsto play a positive role analogous to the role played by ethylenein
theripening of climacteric fruits. Nonclimacteric fruits are al so able to synthesize ethylene,
and in some cases, it has been shown that ethylene can hasten the postharvest deterioration.
However, in spite of many efforts, no results have been obtained that can demonstrate a
clear relation between ethylene and the ripening of these fruits. Three ethylene receptors
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were isolated and expression patterns determined in strawberry (Fragaria ananassa) fruits
(Trainotti et al., 2005). The FaEtrI mMRNA was low in flowers, but showed an increase in
the small green fruits and a subsequent decrease in the large green fruits that was followed
by a steep increment, which continued throughout the ripening phase. The FaErsI mRNA
was very high in flowers but steadily decreased to reach a minimum in the large green
fruits. Afterward, it increased again till the ripening was completed. On the other hand,
FaFEtr2 mRNA increased about threefold to reach amaximum in thewhitefruits. Afterward,
although aslight decrease was observed, thetranscript amount remained highinthered fruits
at well over twice that of the small green fruits. The FaEtrl and FaEtr2 genes were more
responsive to ethylene in the white fruits, while FaErs1 was highly responsive to ethylene
at the red stage. This study suggested that ethylene receptors might have a physiological
rolein the ripening of nonclimacteric strawberries.

Even though citrus (Citrus sinensis) fruits are nonclimacteric, exogenous ethylene is
able to stimulate ripening by accelerating respiration and inducing pigment changes of
peel, chlorophyll degradation, as well as carotenoid biosynthesis. In young “Vaencia’
fruitlets, CsERS1 expression was detected in fruits on tree, immediately after harvest, and
was further induced in the subsequent days (Katz et al., 2004). The CsERSI expression
was dlightly induced by ethylene treatment and reduced by 1-MCP treatment in young
fruitlets. The CsETR1 expression was constitutive in young fruitlets, but was not affected
by detachment from the tree and was ethylene-independent. In mature fruit, the expression
of both CsERS1 andCsETRI genes was constant and was not affected either by 1-MCP or
propylenetreatments. The differencesin the expression of CsERSI between young fruitlets
and mature fruit suggest that CsERSI may modulate the differential sensitivity to ethylene
in fruitlets versus mature citrus fruit.

6.4 Ethylene perception in flowers

The postharvest quality of many flowersislimited by the increased synthesis and action of
the plant hormone ethylene. Increased production of ethylene playsarolein the senescence
or death of flower petas, abscission of plant parts including floral structures, and discol-
oration of harvested foliage. Abscised and senesced flowers show reduced visual impact,
increase the incidence of infection from Botrytis and other saprophytic pathogens, thus
diminishing the commercial value of flowers.

Just like fruits, flowers are categorized as being climacteric or nonclimacteric. In cli-
macteric flowers such as carnations, Gypsophila, and orchids, senescence is accompanied
by a sudden, transient increase in ethylene production and respiration, while treatment of
nonsenescent flowers with ethylene rapidly induces petal senescence. In nonclimacteric
flowers such as gladiolus, tulip, and iris, generally, no increases in ethylene production
and respiration are apparent during flower senescence, and exogenous ethylene applica
tion has little or no effect on petal senescence (Serek et al., 2006). Several studies to date
suggest that abscission and senescence of flowers may be triggered by the perception of
endogenous ethylene by ethylene receptors. Abscission is atypica ethylene response in-
duced through ethylene receptors and is influenced by mutations in ethylene receptors
(Patterson and Bleecker, 2004). Therefore, investigations of ethylene receptors and associ-
ated signal transduction pathways are essential for understanding of ethylene perceptionin
flowers.
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Delphinium flowersare sensitiveto ethylene, whichisproduced in the pistil and recepta-
cle, and causes abscission of the sepal s, posing a serious problem in marketing. Delphinium
hybrid cv. Bellamosum flowers show a climacteric-like rise in ethylene production before
the abscission of sepals, and sepals are abscised by exposure to exogenous ethylene. Gy-
noeciaand receptacles are the main ethylene producersin flowers, and the sepals, which are
most influenced by ethylene, are abscised after the peak in ethylene production (Ichimura
et al., 2000). The rate of senescence of Delphinium florets seems to be well correlated to
both ethylene production and levels of DI-ERS1, suggesting that ethylene evolved by the
florets is perceived by elevated levels of DI-ERS1 to cause senescence of florets in Del-
phinium (Kuroda et al., 2003). On the other hand, D/-ERS1-3 and DI-ERS2 mRNASs were
upregulated by ethylene in Delphinium sepals, but did not change markedly during flower
senescence (Tanase and |chimura, 2006).

In geranium (Pelargonium x hortorum) flowers, the levels of Ph-ETRI and Ph-ETR2
transcripts were not upregulated by exogenous ethylene and did not change during flower
senescence. Ph-ETR1 and Ph-ETR?2 were not affected by ethylene exposure in receptacles
containing abscission zones (Dervinis et a., 2000).

With respect to the role of ethylene in flower opening of cut roses, it has been reported
that flower opening is ethylene-influenced, and the effect of ethyleneis cultivar-dependent,
and that the cultivars can roughly be divided into three groups. opening inhibited, open-
ing stimulated, and opening not affected by ethylene (Yamamoto et a., 1994). The level
of mMRNA for an ethylene receptor (RhETR?2) in petals of rose (Rosa hybrida) flowers at
the full-opening stage was two times higher in “Bronze” cultivar, which has a short floral
life and sensitive to ethylene, than that in “Vanilla’ cultivar, a cultivar less ethylene sensi-
tive with along floral life (Muller et a., 2000). While RRETR?2 expression varied during
flower devel opment and in responseto ethylene, RAETR 1 and RhETR3 exhibited differential
expression during flower development and appeared to berate limiting for ethylene percep-
tion and determinants of flower longevity. Expression of RAETRI was distinctly higher in
“Bronze,” thanin“Vanilla” While expression of RhETR1 preceded the ethylene production
by the flowers, abundance of the RAETR3 transcript increased during flower senescence in
“Bronze,” indicating that the ethylene response system in rose flowersis composed of mul-
tiple receptor types with overlapping patterns of expression. In “Vanilla,” acultivar that has
excellent flower longevity despite moderate ethylene production, expression of RAETR 1 and
RhETR3 was reduced. In another study involving two ethylene-sensitive cut rose flowers
“Kardinal” and “Samantha,” expression level of the three ETRs—Rh-ETRI, RhETR3, and
RhETR5—was higher in “Samantha’ than in “Kardinal,” indicating that higher ethylene
sensitivity of “Kardina” is probably dueto itslower expression level of ethylene receptors
during the flower opening process (Tan et al., 2006). These results suggested that differences
in flower life among rose cultivars—in an ethylene-free environment and in response to ex-
ogenous ethylene—may be due to differencesin receptor expression levels. In “ Samantha,”
Rh-ETR5 was found to be constitutive and ethylene-independent, whereas Rh-ETRI and
Rh-ETR3 were induced by ethylene and suppressed by 1-MCP (Maet a., 2006b).

In carnation flowers (Dianthus caryophyllus), the levels of DC-ERS2 and DC-ETRI
MRNAS in petals increased with an increase in ethylene production. However, ethylene
treatment did not affect the levels of these mMRNAs in petals. Furthermore, the levels of
these MRNAS decreased independent of ethylene production in petals of flowers treated
with DPSS (1,1-dimethyl-4-(phenyl sulfonyl)semicarbazide, a putative inhibitor of abscisic
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acid biosynthesis), which blocked ethylene production in the flowers. Theseresultsindicate
that the DC-ERS2 and DC-ETR 1 genesare not subject to positiveregulation by ethylene, and
thedecreasein thelevelsof their MRNASsin senescing petalsis caused by some unidentified
senescence factor(s) other than ethylene (Shibuya et al., 2002).

In the cut flowers of “Seiko-no-makoto” (ethylene-sensitive cultivar) chrysanthemum
(Dendranthema grandifloru (Ramat.) Kitamura), DG-ERST mRNA was presentin alarge
amount in the petals on day 0 (at the full-opening stage of flower) and its levels decreased
markedly with the lapse of time in air or in response to a 12-h exposure to ethylene,
although these were not evident in “ lwa-no-hakusen” chrysanthemum (ethylene-insensitive
cultivar). DG-ERST mRNA was present in alarge amount in nonsenescent flower tissues of
an ethylene-sensitive “ Seiko-no-makoto” cultivar, but its mMRNA level was very low in an
ethylene-insensitive “lwa-no-hakusen” cultivar. The observed difference between the two
cultivars is probably related to the variation in sensitivity to ethylene between them, and
suggest that the DG-ERS1 gene and its resultant DG-ERSL protein may be involved in the
perception of ethylenesignal in flower and leaf tissues of the cut chrysanthemum, especially
those of “Seiko-no-makoto” (Narumi et al., 2005a).

Two ethylene receptor paralogous genes, GgERSIa and GgERSI1b, have been iso-
lated from gladiolus (Gladiolus randiflo a hort cv. Traveler), an ethylene-insensitive flower
(Aroraet al., 2006). The cDNA sequence indicated that both genes have almost exact sim-
ilar sequence except that GgERS1b lacks 636 nucleotides, including first (H) and second
(N) in the histidine kinase motifs, present in GgERS1a. The analysis of the genomic DNA
sequences (4,776-bp nucleotide designated as GgERS1 long DNA and 3,956-bp nuclectide
designated as GgERSI short DNA) revealed that both sequences were identical except that
GgERS1 short DNA was devoid of an 820-bp long nucleotide segment in the first intron of
GgERSI long DNA. These data suggested that each of the GgERS1 genes was generated
by duplication and splicing from different genomic DNA. The GgERSIh mRNA level de-
creased in petals during flower development, whereas the expression of GgERS1a mRNA
was constitutive, however, with a high accumulation level, suggesting that high expression
level of GgERSIa conferred the ethylene insensitive nature in petals of gladiolus. On the
other hand, the sensitivity to ethylene might be regulated by GgERS1b expression.

6.5 Control of ethylene perception

Ethylene receptors have been postulated to function via the “receptor inhibition” model
in Arabidopsis in which absence of ethylene results in active receptors and repression
of ethylene responses (Hua and Meyerowitz, 1998). In the presence of ethylene, receptors
switchto aninactive state, and responses such asthetriple responses are observed. Attempts
to control ethylene perception by decreasing ethylene sensitivity and improve postharvest
quality have been carried out on various horticultural plant products using such approaches
as antisense RNA or transformation with a gene coding for amutant receptor that does not
bind ethylene and which constitutively suppresses the normal ethylene responses.

An important aspect of the control of ethylene perception was identified by analysis
of transgenic tomato plants with reduced expression of individual receptors. Antisense
reduction in LeETR4 expression resulted in earlier and accelerated fruit ripening and higher
levels of lycopene accumulation (Tieman et a., 2000). Some of the antisense lines also
synthesized significantly more ethylene than wild-type fruits. Antisense inhibition of Nr
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receptor results in activation of ethylene responses and onset of normal ripening. Thus,
the inability of the mutant Nr receptor to bind ethylene prevents its inactivation, and in
Nr mutant fruit, ethylene responses are therefore suppressed (Hackett et a., 2000; Tieman
et al., 2000). When NR expression isreduced by antisense technique, expression of LeETR4
increased proportionately. In some manner, the plant compensates for reduced expression of
NR by increasing expression of LeETR4. Thus, the overall receptor content of NR antisense
linesis not substantially affected, whereas the receptor content in LeETR4 antisense lines
is substantially reduced.

Several groups have used the mutant ethylene receptor gene of Arabidopsis etri-1 to
successfully control the ethylene perception. Theinitial evidence of the conserved role for
the control of ethylene sensitivity was demonstrated using genetic transformation of the
Arabidopsis etrl-1 mutant gene into the heterologous species tomato and petunia (Petunia
x hybrida). Using the constitutive CaMV 35S promoter to drive the expression of the dom-
inant mutant Arabidopsis etri-1 gene, Wilkinson et al. (1997) were able to transform both
species and obtain various ethylene-insensitive phenotypes. The wild-type tomato plants
transformed with etr7-1 displayed flower senescence and never ripe (NR) fruit phenotype,
and etr1-1 petunias produced flowers with delayed senescence after ethylene treatment and
pollination. Further experiments utilizing a constitutive expression of the Arabidopsis etr1-
1 in petunias conferred ethylene insensitivity to the plants, but the constitutive expression
of the gene had some additional negative effects (Clark et a., 1999; Gubrium et al., 2000;
Clevenger et a., 2004). Even though the traits in the transformed petunias were dependent
on the genetic background and temperature, their positive traits included delayed senes-
cence and flower abscission, while the major negative trait was the poor rooting ability of
the cuttings. Transgenic petunias with etr -1 under the control of floral-specific promoters
of FBP1 (floral-binding protein) and AP3 (involved in floral development) geneshad avase
life of up to five times that of nontransformed flowers (Cobb et al., 2002).

Bovy et al. (1999) found that expression of the Arabidopsis etrl-1 gene in transgenic
carnations under the control of either its own promoter (CMB2; carnation MADS box-
containing promoter), the constitutive CaMV 35S, or the flower-specific petunia FBP1 pro-
moter delayed flower senescence, resulting in asignificant increasein vase life. Transgenic
carnation cut flowers had three times the vase life of nontransformed flowers and lasted up
to 16 days that was longer than flowers treated with either inhibitors of ethylene biosyn-
thesis. Transgenic chrysanthemum “ Sei-Marine” was generated by fusing the promoter of
the tobacco elongation factor 1o (EF1a) geneto DG-ERST cDNA and aso by introducing
one-nucleotide point mutations corresponding to those present in Arabidopsis etrl-1, etri-
2, etrl-3, and etri-4 and tomato Nr resulting in mDG-ERS1 (etr1-2), mDG-ERS1 (etr1-3),
mDG-ERS1 (etr1-4), and mDG-ERS1(Nr) transgenes, respectively (Narumi et al., 2005b).
Among the transgenes tested, the mDG-ERS1 (etr1-4) transgene showed a high ability to
confer reduced ethylene sensitivity in chrysanthemum. Thisindicated the usefulness of the
mDG-ERS1 transgenes in conferring reduced ethylene sensitivity in chrysanthemum and
gave further support for the action of the DG-ERSI gene in the perception of ethylenein
chrysanthemum |eaves.

Leaf and flower senescence were also delayed significantly in the transgenic coriander
plants transformed with a mutated Arabidopsis ERS protein. The ability of the mutated
ERSI gene to confer the ethylene-insensitive phenotype can be exploited in extending the
shelf life of leafy vegetables (Wang and Kumar, 2004). Shaw et a. (2002) generated an
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Fig. 6.4 Comparison of the flower longevity in Nemesia—wild type (Ieft) and atransformant (right). The flower
of the transgenic plant lasted longer than that of the wild-type plant; as a result, more flowers bloomed on the
transgenic plant, simultaneously. The numbers indicate the flower positions in wild-type and transgenic Nemesia
inflorescence.

ethylene-insensitive Petunia using a mutated ers homolog from Brassica oleracea (boers).
Similar to etr1-1, boers codes for an ethylene receptor with anonfunctional sensor domain
that is not able to bind ethylene. The transgenic petunia plants wereinsensitive to ethylene,
and produced flowers that were larger and had alonger vase life than those from nontrans-
formed plants. However, the transformed plants had a higher mortality, due to a higher
susceptibility to fungal diseases.

Recently, flower longevity intransgenic plantsof an ethylene-sensitive ornamental plant,
Nemesia strumosa, was established by introducing the mutated melon ethylene receptor
gene Cm-ETRI/H694 (Cui et a., 2004; Takada et a., 2005). Based on the mutation in
Arabidopsis etrl-1, the mis-sense mutation His-69 to Ala(H69A) wasintroduced into Cm-
ETRI to createthemutant gene Cm-ETR1/H69A. The Cm-ETR1/H69A expressioninhibited
the ethylene response during the senescence of Nemesia flowers, resulting in longer shelf
life (Fig. 6.4). Thistechnique can be useful in delaying flower senescence in heterologous
plants.

6.6 Conclusions

The case studies discussed in this chapter indicate that a substantial amount of research has
been carried out on ethylene perception in fruits, vegetables, and flowers. The differences
in ethylene response and/or differential gene expression observed during fruit ripening or
flower senescence might reflect receptor function or interplay at these stages of devel opment.
The biological explanation and/or the significance of the multiplicity of ethylene receptors
in plants are currently unknown, but it may be that individual receptors maintain a distinct
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functional identity viathe capacity to respond differentially to devel opmental and hormonal
cues. The rationale and practical significance of studies on ethylene perception and gene
expression isthat if such acritical step in ethylene signal transduction can be understood,
then, it would be possible to chemically or genetically modify plants in such away as to
prevent the increase in ethylene that leads to postharvest loss of plant quality. Neverthel ess,
the importance of receptor levels and possible receptor interplay during fruit ripening and
flower senescence remain to be elucidated and is still a continuing area of study.
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Chapter 7

Enhancing Postharvest Shelf Life and
Quality in Horticultural Commodities
Using 1-MCP Technology

Susan Lurie and Gopinadhan Paliyath

7.1 Introduction

Ethylene is a plant hormone that regulates plant growth and developmental processes as
well as ripening and senescence. The mode of action of ethylene thus may be influenced
by the physiological status of the tissue. The production and continued action of ethylene
are key factors that determine the shelf life and quality of harvested produce. Thus, several
technologies have been developed with the objective of controlling these events. The use
of the ethylene receptor blocker 1-methylcyclopropene (1-MCP) is one of the latest tech-
nologies that has entered the market. Application protocols for several commodities have
been optimized and successfully employed worldwide.

1-MCP belongs to a class of cyclopropenes that were devel oped by Sisler and cowork-
ers at the University of North Carolina. 1-MCP (Fig. 7.1) and the use of cyclopropenes
for inhibiting ethylene action were patented by Sisler and Blankenship (1996). This was
first tested as a gas on flowers, bananas, and tomatoes (Sisler et a., 1996; Sisler and Serek,
1997). A commercial breakthrough in 1-M CP application technology was the devel opment
of a stable formulation of 1-MCP as a powder in the form of a complex with cyclodex-
trin. The advantage of such a system was that 1-MCP could easily be released as a gas
when the powder comes in contact with water. Development of improved chemicals and
formulations is still underway; however, it is likely to remain as the primary means of
controlling ethylene responses for several commodities in the immediate future (Sisler,
2006).

The impact of 1-MCP on postharvest science and technology has been twofold. First,
it provides an efficient and simple technology to preserve fruit and vegetable quality after
harvest. Second, 1-M CP has become a powerful tool to understand the fundamental mech-
anismsinvolved in ripening and senescence. Several reviews have recently been published
on the effects of 1-MCP on horticultural commodities (Blankenship and Dole, 2003; Sisler
and Serek, 2003; Watkins and Miller, 2005; Watkins, 2006). Updates on 1-M CP technol o-
gies can be obtained at http://www.hort.cornell.edu/mcp that catal ogsthe physiological and
biochemical responses for each commodity.
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CHg3
Fig. 7.1  Structure of 1-MCP.

7.2 Registration and application of 1-MCP

Commercial applications of 1-MCP were first made available for ornamental crops. This
product with the trade name EthylBloc was approved by the United States Environmental
Protection Agency (EPA) in 1999, and was marketed by Floralife, Inc. (Waterboro, SC).
Further testing and registration of 1-MCP for edible crops were undertaken by AgroFresh
Inc., asubsidiary of Rohm and Haas (Springhouse, PA). Several investigations have shown
that 1-MCP is nontoxic to humans, has negligible residue, and is active at concentrations
of parts per billion (ppb).

The safety, toxicity, and environmental profiles of 1-MCP to humans, animals, and in
the environment were reported by the EPA (2002). The LCxq for inhalation in rats was
greater than 2.5 mg/L (or 1,126 ppm active ingredient in air). Acute toxicity of 1-MCP or
clinical signs of systemic toxicology have not been observed in toxicology studies (EPA,
2002).

With the approval by the EPA in 2002, 1-MCP is marketed under the trade name of
SmartFresh. Theuse of SmartFresh hasbeen approved by over 20 countries. Theapproval is
for specific cropsand includes apple, apricot, avocado, carrot, kiwifruit, mango, melon, nec-
tarine, papaya, peach, pear, pepper, persimmon, pineapple, plantain, plum, squash, tomato,
andtulipbulbs. Table7.1 givesasummary of thefruitsand vegetabl esthat respondto 1-M CP.

At 20°C, 1-MCP is released as a gas from a formulated cyclodextrin powder when it
is mixed with water in nearly 20-30 min. A complete release may take longer duration at
lower temperatures. Under such conditions, 1-MCP is absorbed by the harvested material
over time. Peaches absorbed 80-90% of the 1 uL/L applied either at 20°C or 0°C when held
inaclosed container for 20 h (Liguori et al., 2004). Aswell, anincreasein CO, levelsdueto
respiration does not inhibit the effectiveness of binding of 1-MCP (Blankenship and Dole,
2003) inclosed systems. In addition, ethyleneisal so produced by harvested materials. Since
1-MCP showsahigher affinity toward the ethylene receptor, nearly 100-fold higher level s of
ethylene are required to effectively compete for the binding site. The highest concentration
of 1-MCPthat isapproved for useis1 uL/L. After binding to the receptors, 1-M CP does not
get released, and any reversal of 1-MCP treatment is potentially because of the synthesis
of new ethylene receptors in the tissue (E.C. Sisler, personal communication). Repeated
weekly applications of 1-MCP (Mir et a., 2001; Mir and Beaudry, 2001; Jayanty et al.,
2004) helped prevent apple softening at 20°C more than at 0°C, and this was attributed to
an increased turnover of the receptor at high storage temperature.

It has also been noticed that 1-MCP can be absorbed or adsorbed nonspecifically to
sites other than ethylene receptors. In storage rooms, various plastics did not absorb the
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Table 7.1  Climacteric, nonclimacteric fruit, and vegetables for which responses to 1-MCP have been

investigated, and the range of 1-MCP concentration utilized

Range of 1-MCP
concentrations (uL/L)

Climacteric fruit
Apple (Malus sylvestris (L.) Mill. var. domestica (Borkh.) Mansf.)
Apricot (Prunus armeniaca L.)
Avocado (Persea americana Mill.)
Banana (Musa L.)
Blueberry (Vaccinium corymbosum L.)
Chinese bayberry (Myrica rubra Siebold and Zuccarni)
Custard apple (4nnona squamosa L.)
Fig (Ficus carica L.)
Guava (Psidium guajava L.)
Kiwifruit (Actinidia deliciosa)
Jujube, Chinese (Zizyphus jujube) and Indian (Zizyphus mauritina)
Loquat (Eriobotrya japonica Lindl.)
Lychee (Lichi chinensis)
Mamey sapote (Pouteria sapote (Jacq.))
Mango (Mangifera indica L.)
Melon (Cucumis melo L.)
Mountain papaya (Vasconcellea pubescens)
Nectarine (Prunus persica Lindl.)
Papaya (Carica papaya L.)
Peach (Prunus persica L. Batsch)
Pear (Pyrus communis L.)
Pear, Asian (Pyrus pyrifolia Nakal)
Persimmon (Diospyros khaki L.)
Plum (Prunus salicina Lindl.)
Tomato (Lycospersicum esculentum Mill.)
Nonclimacteric fruit
Cherry (Prunus avium L.)
Clementine mandarin (Citrus reticulata L.)
Cucumber (Cucumis sativus L.)
Grape (Vitis vinefera L.)
Grapefruit (Citrus paradisi Macf.)
Lime (Citrus latifolia Tanaka)
Orange (Citrus sinensis L. Osbeck)
Pepper (Capsicum frutenscens L.)
Pineapple (Ananas comosus L.)
Pomegranate (Punica granatum)
Strawberry (Fragaria x ananassa Duch.)
Watermelon (Citrullus lanatus)
Vegetables
Broccoli (Brassica oleracea L.)
Carrot (Daucus carota L.)
Chayote (Sechium edule Jacq.)
Chinese cabbage (Brassica campestris L.)
Chinese mustard (Brassica juncea var. foliosa)
Choy sum (Brassica rapa var. parachinensis)
Coriander (Coriandrum sativum L.)
Lettuce (Lactuca sativa L.)
Mibuna and mizuna (Brassica rapa var. nipposinica)
Mint (Mentha longifolia L.)

0.01-1
0.3-1
0.03-1
0.011
0.1-04
1-10
25
0.4-25
0.1-0.9
0.5-5
0.6
0.5-50
1

1
25-100
1

0.3
0.25-5
0.05-2.5
0.25-5
0.01-1
0.11
0.01-3
0.1-2
0.1-1

0.2-04
0.11
1-10

0.25-1
0.1-5
0.25-1
0.1

0.01-1
05-1

0.02-50

42
0.3-1.2

0.1-10
0.5-1

0.5

(continued)
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Table 7.1  (Continued)

Range of 1-MCP

concentrations (uL/L)
Onion (A!lium cepa L.) 1
Pak choy (Brassica rapa) 1
Pardley (Petroselinum crispum Mill.) 10
Potato (Solanum tuberosum) 0.55-2.64
Rocket (Eruca sativa Mill.) 05
Tatsoi (Brassica rapa var. rosularis) 1

compound; however, wood or cardboard materials absorbed 1-MCP. Moistened wood ab-
sorbed the compound at a higher rate. Thus, it appears that 1-MCP levels may be compro-
mised by wooden and cardboard bins and bin liner materials, but not by plastic bin or wall
surface materials (Vallgjo and Beaudry, 2006). This also suggeststhat 1-MCPisreadily ab-
sorbed to cellulosic materials. One study suggests that boxed fruit absorbed 1-M CP better
compared to bulk stored fruit, provided that the boxes were well ventilated (Valero et al.,
2004).

In astudy comparing the absorption of 1-MCP by fruits, afaster decline of 1-MCP was
observed in a container with avocados than apples (Dauny et al., 2003). A higher oil con-
tent in avocados may have enhanced the absorption of 1-MCP. A recent study (Nanthachai
et a., 2007) has examined the ability of a number of commodities to absorb 1-MCP in-
cluding apple, asparagus, ginger, green bean, key lime, lettuce, mango, melon, parsnip,
plantain, potato, and tangerine. The rate of absorption varied 30-fold among different com-
modities tested. The dry matter content and the size of commaodity influenced the rate of
absorption.

AgroFresh is in the process of optimizing a formulation of 1-MCP that can be used
as aliquid spray in the field or orchard before harvest, and its effect has recently been
reported (Watkinset al., 2006). Aswell, asachet rel ease system that woul d supply controlled
release of 1-MCP into a package containing fresh produce (Lee et al., 2006) is also under
development. To obtain a sustained release during the shipment of flowers, SmartFresh
wasincluded in polyvinylchloride tubes (Macnish et al., 2004). Such advances will enable
targeted use of the product to obtain more efficient shelf life and quality preservation in
commodities.

7.3 Responses of climacteric fruit

The following are specific effects observed with 1-MCP treatment in several climacteric
fruits.

7.3.1 Apple

1-MCP application delaystheincreasein ethylene production and levelsof internal ethylene
inapplefruits (Fig. 7.2). It ismost effective at concentrationsin therangeof 0.5to 1 uL/L.
Aswell, theresponse may depend on thetypeof cultivar, storage conditions, and theduration
of storage (Fan et al ., 1999; Rupasinghe et al., 2000; Watkins et al ., 2000; Dauny and Joyce,
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Fig. 7.2 The differing responses of apple and nectarine ethylene production and respiration to 1-MCP. (a) and
(c) Respiration and ethylene production of “Anna’ apples, and (b) and (d) respiration and ethylene production of
“April Glow” nectarines.

2002; Jiang and Joyce, 2002; Pre-Aymard et a., 2003; Saftner et al., 2003; Mattheis et al .,
2005; Moran and McManus, 2005; Watkins and Nock, 2005). Respiration is also inhibited
by 1-MCP to alesser extent than ethylene inhibition (Fig. 7.2).

A dramatic effect of 1-MCP treatment is the prevention/delay of softening (Fan et al.,
1999; Rupasinghe et al., 2000; Watkins et al., 2000; Mir et al., 2001; Dauny and Joyce,
2002; Pre-Aymard et al., 2003; Saftner et a., 2003; Zanella, 2003; Defilippi et a., 2004;
Bai et al., 2005; Mattheis et al., 2005; Moran and McManus, 2005). The fruit texture is
also affected with increased crispiness (Baritelle et al., 2001; Pre-Aymard et al., 2005).
In contrast to cold storage after treatment with 1-MCP, storage at ambient temperature
helps retain the firmness better (Fan et a., 1999; Mir et a., 2001). Toivonen and Lu (2005)
reported that 1-MCP did not affect firmness of an early-ripening summer apple when the
fruits were stored below 15°C. However, another summer apple, “Anna,” responded well to
1-MCP when stored at 0°C (Pre-Aymard et al., 2003). In some cultivars, loss of green color
due to ripening is prevented by 1-MCP treatment (Pre-Aymard et al., 2003; Saftner et al.,
2003; Zanella, 2003).

In general, 1-MCP treatment delays loss of titratable acidity (TA), but does not affect
soluble solids content (SSC) in any consistent pattern (Pre-Aymard et al., 2003, 2005;
Saftner et al., 2003; Zanella, 2003; Defilippi et a., 2004; Bai et a., 2005; Moran and
McManus, 2005; Toivonen and L u, 2005). However, mixed responses depending on whether
the fruit were held in controlled atmosphere (CA) or in air have been reported (Watkins
et a., 2000). The evolution of aroma volatiles is reduced by 1-MCP treatment, although
individual volatiles may be affected differentially (Rupasinghe et al., 2000; Lurie et a.,
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2002; Saftner et al., 2003; Defilippi et a., 2004; Ba et al., 2005; Kondo et al., 2005).
During ripening, the aliphatic alcohols are used for the biosynthesis of esters, and this
processisinhibited by 1-MCP. Ester volatile biosynthesisis mediated by alcohol acyl CoA
transferase (AAT). The expression and activity of apple alcohal transferase gene (MdAAT?2)
wasinhibitedin 1-M CP-treated applesduring storage (Li et al., 2006). In responseto 1-M CP
treatment, the rapidly ripening summer apple “Anna’ showed less fruity, ripe, and overall
aromas which resembled that from a less ripe apple (Lurie et al., 2002). This was due to
aninhibition of volatile ester biosynthesis and maintenance of alcohol levelsin the treated
fruit.

Improvement or preservation of nutritional quality is a key aspect of any postharvest
technology. There are conflicting reports on the effect of 1-MCP on apple antioxidants.
In Granny Smith (Shaham et a., 2003) and Golden Smoothee apples (Vilaplana et al.,
2006), total antioxidant activity and ascorbate |evels were not affected by 1-MCP. 1-M CP-
treated apples were under lower oxidative stress, having lower levels of hydrogen peroxide
and peroxidative markers. In another study, the total oxyradical scavenging capacity of
both “Delicious’ and “Empire” apples was higher in storage when treated with 1-MCP
(MacLean et a., 2003). MacLean et al. (2006) aso found that the flavonoid content of
the apple fruit was dightly higher in 1-M CP-treated fruit, and the anthocyanin levels were
preserved during storage. However, chlorogenic acid, a major apple flavonoid, was 24%
lower in 1-M CP-treated apples. Shaham et al. (2003) found no differencein flavonoid levels
between control and 1-M CP-treated apples during storage.

Ethylene production by apple fruit occurs both on and off the tree when the ripening is
initiated. Therefore, the effectiveness of 1-MCP application is influenced by the maturity/
ripening stage at harvest and by the period thefruitsareheldin cold storage beforetreatment.
These two factors are interrelated, as more mature fruit at the time of harvest produce
autocatalytic ethylene sooner than earlier harvested less mature fruit. The effect of any
delays between harvest and application of 1-MCP is influenced by the cultivar as well as
the type and length of storage (Mir et al., 2001; Watkins and Nock, 2005). In acomparative
study of two apple cultivars“Orin” and “Fuji” that show differencesin ethylene production,
ethylene was inhibited by 1-MCP in “Fuji” apples even when treatment was delayed for
aweek after storage (Tatsuki et al., 2007). The expression levels of two ethylene receptor
genes, MdERS1 and MdERS2, and the ACC-synthase gene MdACS1 were also inhibited in
“Fuji” applesby 1-MCP, while ACC-oxidase MdACO1 was inhibited slightly. However, in
a high ethylene-producing apple, “Orin,” the later the 1-M CP application after harvest, the
lesser was the suppression of ethylene production and the expression of these genes. In a
comparison of apple peel and pulp and the responses of the ethylene biosynthetic pathway
to 1-MCR it was found that ACC synthase and ACC levels were decreased in both peel and
pulp (Vilaplanaet a., 2007). ACC oxidase was a so inhibited but not totally. However, high
levels of malonyl ACC were found in 1-M CP-treated tissue.

Controlled atmosphere storage can prolong the effect of 1-MCP on both physical and
sensory qualities of apple fruit (Rupasinghe et al., 2000; Watkins et al., 2000). However,
1-MCP treatment and short-term air storage may replace the requirement for CA storage,
especially for maintaining quality of summer apples (Pre-Aymard et al., 2003), and of those
cultivarsthat show enhanced deterioration after 2—3 months of storage (Watkinset al ., 2000;
Dauny and Joyce, 2002; Bai et ., 2005). In addition, 1-M CP treatment can be effective in
many places where CA rooms are not available.
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7.3.2 Avocado

Unlike apples, avocados do not ripen on the tree, and the fruits begin the ripening process
after they are harvested. Avocadosrespond to 1-M CPin aconcentration and time-dependent
manner (Feng et al., 2000; Jeong et al., 2002). An earlier study used excessive levels of
1-MCP (25 pL/L) (Hofman et a., 2001), however, because of its sensitive nature concen-
trations above 0.25 pL/L inhibits ripening (Jeong et al., 2003; Adkins et a., 2005; Woolf
et a., 2005). The inhibition of ripening is associated with adelay as well as a decrease in
ethylene production and the respiratory climacteric (Feng et al., 2000, 2004; Jeong et a.,
2002, 2003; Hershkovitz et al., 2005). The treated fruits show increased firmness, delayed
softening, and change in skin color. 1-MCP also reduces the weight loss during storage
(Jeong et a., 2003).

The activities of enzymes involved in cell wall disassembly have also been evaluated
after subjecting avocado fruits to 1-MCP treatment (Feng et a., 2000; Jeong and Huber,
2005). Inhibition of both endo-8-1,4-glucanase and polygalacturonase activities was as-
sociated with retention of firmness in avocado fruits. However, complete suppression of
polygalacturonase and inhibition of endo-$-1,4-glucanase and S-galactosidase were ob-
served in the later study (Jeong and Huber, 2005). However, even in the absence of any
measurable activity of polygalacturonase, 1-MCP-treated fruits lost nearly 80% of their
initial firmness after 24 days of storage at 20°C.

In the case of avocados, it is important that the 1-M CP treatment procedure does not
delay the ripening procedure excessively. A long delay in ripening is also associated with
anincreaseinfruit decay (Adkinset al., 2005; Wang et al., 2006). However, 1-M CP reduces
ethylene-induced storage disordersin storage (Pesiset al., 2002; Woolf et al., 2005), making
this an alternative approach for disease control.

7.3.3 Banana

Bananas are harvested at a mature green stage of maturity and ripened by the application
of ethylene. 1-MCP treatment of the fruits delayed ripening in atime- and concentration-
dependent manner (Jiang et al., 1999b; Harris et al., 2000; Bagnato et al., 2003). The
inhibition by 1-M CP was al so dependent on the maturation stage. Theripening of immature
bananas is inhibited to a lesser extent than that of mature fruits by 1-MCP (Harris et a.,
2000). Aswell, onceripening isinitiated by propylene treatment of mature green bananas,
1-MCP treatment does not inhibit the ripening processes effectively (Golding et al., 1998).

As in other fruits, a decrease in ethylene production and respiration rates and an inhi-
bition of softening were evident in bananas exposed to 1-MCP (Golding et al., 1998; Jiang
et al., 19993, b; Macnish et a., 2000; Pathak et al., 2003; Pelayo et al., 2003; Lohani et al.,
2004). A lower level of soluble solids was detected in astudy (Nascimento et a., 2006). As
in apples (Lurie et al., 2002), total volatile production was decreased and ester concentra-
tionswere lower, while those of alcoholswere higher in treated fruit (Golding et al., 1998).
A number of ripening-related genes were upregulated by ethylene treatment in banana, and
thisincrease was prevented by 1-MCP (Guptaet a ., 2006). Two genesfor enzymesinduced
by ethylene are a fruit-specific expansin, MaExp1, and one for g-amylase. These enzymes
degrade starch into sugars, and both were inhibited by 1-M CP treatment (Trivedi and Nath,
2004; Nascimento et al., 2006). An ethylene-responsive, ripening-related expansin gene,
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MiExpA1l, has aso been found in mango, and its expression was also inhibited by 1-MCP
(Sane et al., 2005).

The change in skin color of bananas from green to yellow indicative of chlorophyll
degradation was inhibited by 1-MCP. However, the color changes during ripening of 1-
MCP-treated fruits are not uniform, having disrupted or incomplete and uneven yellowing
(Golding et al., 1998; Harriset a., 2000; Macnish et al., 2000). This may be alimitation for
the use of 1-MCP on bananas. As well, application of 1-MCP after an ethylene treatment
of fruits was unsuccessful in circumventing this problem (Pelayo et a., 2003). As well,
due to the physiological variation even within a bunch, there was considerable variation in
responses of the fruit. In another study using propylene to induce ripening, application of
1-MCP 24 h after propylene treatment inhibited both color and volatile production, but not
ethylene or respiration (Golding et a., 1998).

7.3.4 Pear

1-MCP has been tested for its effectiveness on summer and winter pears. Pear fruit requires
an exposure to chilling temperatures before they begin to ripen. Winter pears require as
much as 8 weeks at low temperature before they ripen. Winter pears soften and develop a
buttery texture, while summer pears better retain their crispiness after they ripen. 1-MCP
treatment delayed or prevented softening, the degree of response depended on the cultivar
and the concentration of 1-MCP applied (Baritelle et a., 2001; Argentaet al., 2003; Hiwasa
et a., 2003; Kubo et al., 2003; Calvo and Sozzi, 2004; Ekman et al., 2004; Trinchero et &l.,
2004). An effective concentration that can delay ripening without preventing the process
was0.2 uL/L (Calvo and Sozzi, 2004; Moya-Leon et al., 2006). Asin other greenfruits, the
changein peel color from green to yellow wasinhibited aswell as ethylene production and
respiration (Argentaet al., 2003; Hiwasaet a ., 2003; Kubo et a., 2003; Ekman et al., 2004;
Larrigaudiere et al., 2004; Trinchero et al., 2004; Mwaniki et al., 2005). The soluble solids
content was not affected in pears after 1-MCP treatment, while changes in total acidity
were inconsistent (Argenta et al., 2003; Calvo and Sozzi, 2004; Larrigaudiere et al., 2004;
Trinchero et al., 2004). In a sensory evauation on “Packham’s Triumph” pears, the flavor
and aroma profile of 1-MCP-treated fruit stored in air were preferred over CA-stored fruit
(Moya-Leon et a., 2006).

There is variability in concentrations of 1-MCP that delay but do not prevent pear
ripening. Application of 0.2 uL/L resulted in normal ripening with no overripening (Calvo
and Sozzi, 2004; Moya-Leon et a., 2006), while concentrationsashigh as 10 uL/L resulted
in maintenance of optimal eating firmness for extended periods (Kubo et a., 2003). The
efficiency of ethylene to reverse 1-MCP effects was dependent on the concentration of
1-MCP application and the length of time the fruit had been stored (Argenta et a., 2003;
Calvo and Sozzi, 2004; Ekman et a., 2004).

7.3.5 Peach and nectarine

Responses of fruit to 1-MCP are affected by concentration and exposure period, but are
not dependent on treatment temperature (Liguori et al., 2004). Inhibition of fruit ripening
by 1-MCP was not persistent; however, repeated applications of 1-MCP helped maintain
suppression of ripening (Liu et al., 2005). Thetransitory effect of 1-M CP was not dueto any
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diffusion limitations within the flesh (Hayama et al., 2005). It is probable that the ethylene
receptors are rapidly turned over, which help overcome the 1-M CP effect in the fruit tissue
(Dal Cin et a., 2006). This turnover was not found in apples, which may help explain the
prolonged effect of 1-MCP on apple fruit (Dal Cin et al., 2006).

Ethylene production can be variable in 1-M CP-treated peaches and nectarines (Math-
ooko et al., 2001; Fan et al., 2002; Rasori et al., 2002; Liguori et a., 2004; Bregoli et al.,
2005; Girardi et a., 2005). 1-M CP-treated fruits showed a higher level of ethylene produc-
tion than untreated fruits (Rasori et al., 2002), and the transcript levels of ACS and ACO
were higher in treated fruit (Bregoli et al., 2005). The respiration rates are also variable
after 1-MCP treatment (Fig. 7.2) (Dong et al., 2001b; Fan et al., 2002; Liguori et al., 2004).
Softening is delayed in 1-M CP-treated fruits, but this effect is not retained during further
storage (Dong et a., 2001b; Mathooko et al., 2001; Liguori et al., 2004). The effect on
soluble solids content is also variable; however, decline in total acidity is slowed in high
acid (Fan et al., 2002; Liguori et al., 2004; Bregoli et a., 2005; Liu et al., 2005), but not in
low-acid cultivars.

7.3.6 Plum

Among stone fruits, plums are much more sensitive to 1-M CP than peaches and nectarines.
Japanese-type plums show either climacteric or suppressed climacteric character. The cli-
macteric rise in respiration and increase in ethylene production are temporally delayed in
suppressed climacteric fruit during ripening. Ripening of suppressed climacteric cultivars
was inhibited when treated with 1 i L/L 1-MCP unless followed by a subsequent treatment
with propylene (Abdi et al., 1998). When treated with 0.1 uL/L 1-MCP, thefruit eventually
ripened and softened (Dong et a., 2001a).

1-MCP treatment prevented or delayed the climacteric increase in ethylene production
and respiration of plums (Dong et al., 2002; Martinez-Romero et a., 2003; Salvador et a.,
2003; Valero et al., 2003, 2004; Khan and Singh, 2007). In addition, softening and skin
color changeswere delayed and weight losswasreduced (Dong et al., 2001a, 2002; Menniti
et al., 2004; Khan and Singh, 2007). Increase in soluble solids content was aso affected
(Valero et al., 2004).

Postharvest softening and susceptibility to mechanical injury and pathogens are major
problems that limit shipping and shelf life of plums. The response of plumsto 1-MCP is
variable based on cultivar and harvest maturity, but there are reports of large extension of
storage and shelf life of treated fruit due to a decrease in mechanical damage and decay
(Abdi etal., 1998; Martinez-Romero et a ., 2003; Khan and Singh, 2007). Moreover, 1-MCP
is more effective in mature fruit showing better organol eptic quality (Salvador et al., 2003;
Valero et al., 2003).

7.3.7 Tomato

Tomato was one of the earliest fruits examined for the effectiveness of 1-MCP by Sider
etal. (1996). 1-M CPtreatment i nhibited ethylene production and respiration, fruit softening,
color changes, and decrease in total acidity, but did not change the soluble solids content.
Theextent of ripening inhibitionintomato fruit isinfluenced by 1-M CP concentration, time
of exposure, maturity stage, and cultivar types (Sisler et a., 1996; Hoeberichts et a., 2002;
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Wills and Ku, 2002; Mir et al., 2004; Opiyo and Ying, 2005; Guillen et al., 2006, 2007).
Fruits regain the capacity to ripen after treatment, but ripening can be delayed by a second
application (Hoeberichts et a., 2002; Mir et a., 2004). Fruit treated at pink and light red
stages ripened properly after a delay (Hurr et al., 2005), while red ripe fruit had a longer
shelf life of only 1 day when treated with 1-MCP (Ergun et al., 2006a).

Marketing of tomatoesin buncheswith the tomatoes still attached to the stem isbecom-
ing more popular. 1-M CP has been found to inhibit the abscission of cherry tomatoes from
the vines (Beno-Moualem et al., 2004, Lichter et al., 2006). The concentration of 1-MCP
required to inhibit fruit abscission may be much higher, and this may negatively affect
the ripening pattern. In citrus plantations, ethephon sprays are conducted to enhance fruit
loosening, with an undesired side effect of leaf abscission. 1-M CP was found to inhibit |eaf
drop without affecting the ability of ethephon to cause fruit loosening (Pozo et al., 2004).

7.3.8 Other climacteric fruit

Tropical fruits, in general, are fast ripening and possess very low shelf life. Tropical fruits
are al so susceptible to chilling-injury development, and therefore, 1-MCP may be of great
potential benefit. As well, cold storage or controlled atmosphere facilities are lacking in
many tropical countries, and fruitsare stored at ambient temperature. Guava, mamey sapote,
and mountain papaya are three exotics that have been tested with 1-M CP. Guavaresponded
to 1-MCP treatment with a twofold increase in shelf life, athough at a high dosage (0.9
uL/L for 6 h or longer), the fruit failed to ripen (Bassetto et al., 2005). A similar effect was
observed in other fruits such askiwifruit (Boquete et al., 2004) and papaya (Manenoi et al.,
2007), while some fruits, such as stone fruits did not appear to have an upper limit of 1-
MCP. Mamey sapoteisalargefruit grownin Central Americaand the Caribbean that softens
rapidly after harvest. 1-M CPincreased the shelf life of thisfruit and also retained total acid-
ity without affecting soluble solids content (Ergun et a., 2005). Mountain papaya ripens
by rapid degreening followed by increase in respiration, ethylene production, and flesh
softening. 1-MCP prevented the increase in ethylene and partially inhibited softening and
color development in this fruit (Moya-Leon et a., 2004). The ripening of papaya is as-
sociated with a strong and characteristic aroma due to increased production of esters and
alcohols (Balbontin et al., 2007). Ethylene (as ethrel) promotes and 1-MCP inhibits the
aroma component production in papaya.

Persimmon fruits treated with 1-MCP showed slower ripening and softening after re-
duction in astringency (Harima et a., 2003; Salvador et al., 2004a; Luo, 2007). Cultivars
that are susceptible to chilling injury also had less internal gel formation, possibly because
of inhibited softening (Salvador et al., 2004b).

7.4 Physiological storage disorders

The effect of 1-MCP has been thoroughly investigated in reducing physiological disorders
of apples that occur during storage. Several studies were in relation to superficial scald,
since an interaction between ethylene production and «-farnesene was believed to be a
primary cause of scald development, and early reports indicated that 1-MCP inhibited
superficial scald development (Fig. 7.3) (Fan and Mattheis, 19993, b; Rupasinghe et al.,
2000; Watkins et al., 2000). Superficial scald appears as a brown discoloration on the
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Fig. 7.3 Superficia scald on “Granny Smith” apples and its prevention by 1-MCP treatment at harvest. The
apples were stored for 5 months at 0°C and held 5 days at 20°C.

peel in apple and as black patches on pear. Superficial scald has also been termed as a
chilling-injury symptom asit occurs during low-temperature storage (Watkins et al., 1995).
Mechanistically, the accumulation of a-farnesene and its oxidation to conjugated trienols
in the peel region and associated cell damage is believed to cause the development of this
symptom (Rowan et a., 1995; Whitaker et a., 1997). «-Farnesene production is enhanced
by ethylene (Duand Bramlage, 1994; Watkinset a ., 1995; Whitaker et al ., 2000). Superficia
scald can be prevented or alleviated by inhibiting «-farnesene production or its oxidation.
It has been demonstrated that inhibition of scald by 1-MCP is associated with inhibition
of a-farnesene accumulation, and therefore, less substrate for oxidation (Fan and Mattheis,
1999a; Rupasinghe et al., 2000; Watkins et a., 2000; Shaham et al., 2003; Arquiza et al.,
2005; Pechous et a., 2005).

Other apple disorders have also been found to be affected by inhibition of ethylene
signaling. 1-MCP can reduce senescent breakdown (Watkins et al., 2000; DeLong et a.,
2004; Moran and McManus, 2005), core flush or brown core (Fan and Mattheis, 1999z;
Zanella, 2003; DelL.ong et a., 2004), and soft scald (Fan and Mattheis, 1999a). These
disorders are associated with senescence and cold storage. The development of greasiness
in some apple cultivars, such as “Granny Smith,” is also a process that develops in cold
storage, and thisisinhibited by 1-M CP (Fan and Mattheis, 1999a; Watkinsand Nock, 2005).

One problem that has been found as 1-MCP is used commercially is carbon dioxide
injury that is higher in 1-M CP-treated fruit than untreated fruit (Zanella, 2003; Watkins and
Nock, 2005). This may be related to the application of early CA to less mature fruits from
early harvests (Watkins et a., 1997; Fernandez-Trujillo et a., 2001). Since 1-MCP delays
theripening process, M CP treatment may enhance theinjury. The disorder can be alleviated
by maintaining low carbon dioxide in the storage room for thefirst few weeks (Watkins and
Nock, 2005). Alternatively, since 1-MCP mimics the beneficia effect of CO, on firmness
retention, CO, could be eliminated or reduced in CA regimes for “Empire”’ apples treated
with 1-MCP (DeEll et al., 2005).
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Superficial scaldin pearsisalsoinhibited by 1-MCP, although it may appear asthe MCP
effect wears off (Ekman et a., 2004). 1-M CP inhibits the accumulation of «-farnesene and
conjugated trienols in pears (Isidoro and Almeida, 2006). The inhibition appeared to be
at the level of gene transcription since the expression of PcAFSI was reduced in 1-M CP-
treated fruit (Gapper et a., 2006). Other disordersin pears, similar to those in apples, are
also alleviated by 1-MCP. These include senescent scald and core browning (Argentaet al.,
2003), internal and senescent breakdown (Kubo et a ., 2003; Ekman et a ., 2004), and watery
and core breakdown (Calvo and Sozzi, 2004). The development of scratches or browning
on the peel is also delayed by 1-MCP.

Other low-temperature disorders on a number of fruits can be inhibited by 1-MCP.
These include internal flesh browning in avocado (Pesis et al., 2002; Hershkovitz et al.,
2005; Woolf et al., 2005), loquat (Cai et al., 2006a), pineapple (Selvargjah et a., 2001),
and chilling injury of citrus fruit (Dou et al., 2005). However, an early study reported that
chilling injury in citruswas enhanced by 1-MCP (Porat et al., 1999). Scald on pomegranate
can be reduced but not eliminated by 1-MCP (Defilippi et al., 2006). This scald in not due
to a-farnesene oxidation, but it correlated with phenol levels in the peel (Ben-Arie and
Or, 1986). Reduced browning is associated with reduced polyphenol oxidase and peroxi-
dase activities (Pesis et al., 2002; Hershkovitz et al., 2005). Biosynthesis of isocoumarins
in carrots, which leads to bitterness development, is inhibited by 1-MCP treatment (Fan
et a., 2000; Fan and Mattheis, 2001). As well, the increase in fruit firmness during low-
temperature storage due to tissue lignification in loquat fruit was mitigated by 1-MCP (Cai
et a., 2006b). In watermelon, ethylene treatment causes water soaking due to an increase
inthe activity of lipid-degrading enzymes and phospholipid degradation (Mao et al., 2004).
This disorder is prevented by prior exposure to 1-MCP.

In stonefruits such as peaches and nectarines, the development of chilling-injury symp-
tomssuch asinternal browning, flesh wooliness, and red color (Fig. 7.4) wasincreased by 1-
MCP (Donget a., 2001b; Fanet a., 2002; Girardi et a., 2005). In thesefruits, acertain level
of ethylene production is necessary for normal ripening to occur after storage (Dong et al.,
2001b; Zhou et al., 2001). In apricots, 1-MCP enhanced internal browning even without
storage (Dong et ., 2002). In plums, however, 1-M CP has been found to decrease internal
browning during storage (Menniti et al., 2006). Also, impact injury in apricots (De Martino
et a., 2006) and in European plums (Lippert and Blank, 2004) was decreased by 1-MCP,
dueto itsinhibition of softening.

7.5 Responses to pathogens

Theeffectsof 1-MCPin prevention of pathological disordersthat occur during storage have
not been investigated in depth. Because of its involvement in regulation of plant defense
genes, low levels of endogenous ethylene may be required to maintain basic levels of
resistance.

Intwo nonclimacteric fruits, citrusand strawberry, 1-M CP has been reported to enhance
decay. In citrus, 1-M CP treatment effectively inhibited the ethylene effect on the degreening
process, but it increased mold rotscaused by Penicillium digitatum and Penicillium italicum,
and stem-end decay caused by Diplodia natalensis (Porat et a., 1999; Marcos et al ., 2005).
However, in grapefruit inoculated with P. digitatum, 1-MCP did not affect the process of
decay development (Mullins et al., 2000).
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Fig. 7.4 Interna reddening of peaches treated with 1-MCP at harvest, stored 3 weeks at 0°C, and then 5 days at
20°C. (Top) 1-MCP treated; (bottom) control.

Strawberry fruitsexposed to 1-M CPretai ned firmnessand col or better. However, disease
development was accelerated in fruit treated at high (0.5 and 1 uL/L) 1-MCP concentra-
tions, though not at lower concentrations (Ku et al., 1999b; Jiang et a., 2001). In another
study, exposure of strawberriesto 0.01, 0.1, or 1 uL/L 1-MCP did not affect overall fruit
acceptability, but did slightly increase the rate of rot development (Bower et al., 2003).

Apples were found to be more susceptible to bitter rot (Colletotrichum acutatum) and
blue mold (Penicillium expansum) in 1-M CP treated than untreated fruit (Janisiewicz et a.,
2003). However, Saftner et al. (2003) found that 1-MCP reduced decay when fruits were
inocul ated at harvest with P. expansum, Botrytis cinerea, and C. acutatum and subsequently
stored in controlled atmosphere. It appears that increased firmness due to 1-M CP treatment
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enhanced the resistance to pathogen infection. In pears, stem-end decay was reduced af -
ter inoculating the fruit with B. cinerea and treating with 0.1 pL/L 1-MCP than without
treatment (Spotts et al., 2007). Natural infections caused by Phacidiopycnis piri was also
reduced in 1-M CP-treated fruit, and the fruit remained firmer in storage than untreated fruit.

1-MCPincreased disease susceptibility of custard apple, mango, papaya(Hofmanetal.,
2001), and avocado (Hofman et al., 2001; Adkinset al., 2005; Woolf et a., 2005). Avocado
has an antifungal diene compound that is present in unripe fruit and its level is enhanced
by ethylene (Leikin-Frenkel and Prusky, 1998). Latent infections of C. gloeosporioides
were inhibited from devel oping until the level of the diene compound declined during fruit
ripening. 1-MCP treatment of avocado at two stages of maturity prevented further diene
synthesis, but the early-harvested fruit had high initia levels of diene and because of the
inhibitory effect on ripening, 1-M CP decreased decay development. Inthelater harvest, the
level of diene was lower and decay developed more rapidly in treated fruit than untreated
fruit (Wang et a., 2006).

Most studies on stone fruits found benefits of 1-MCP treatment in reducing decay. In
two plum cultivars, “Fortune” and “Angeleno,” 1-MCP treatment before storage at low
temperature reduced decay caused by Monilinia laxa (Menniti et al., 2004). Also, decay
development in apricots was decreased by 1-MCP in a concentration-dependent manner
(Dong et al., 2002). In peaches, decay devel opment after inoculation with P. expansum was
dlightly reduced by 1-MCP treatment (Liu et al., 2005). Decay of sweet cherries was also
lower in 1-M CP-treated fruit (Mozetic et al., 2006).

7.6 Responses of vegetables

Most of the research on 1-MCP has been concentrated on climacteric fruit. The dearth of
research on fresh vegetables may be due to the fact that many vegetables are consumed
shortly after harvest rather than being stored for extended periods. Some work has been
done on broccoli, carrots, cucumbers, and lettuce. Broccoli is very sensitive to ethylene,
which promotes senescence and yellowing. Thisis delayed by treatment with 1-MCP (Fan
and Mattheis, 2000a). On the other hand, yellowing of cucumbers was delayed by 1-MCP
only when ethylene was present (Nilsson, 2005). Both Nilsson using cucumbers and Able
et al. (2003) examining bok choy and broccoli found that 1-MCP had to be applied imme-
diately after harvest, otherwise its efficacy was greatly reduced. If cucumbers were stored
before applying 1-M CB, the treatment wasineffective. Apparently, senescent processes are
activated soon after harvest, and once they begin 1-MCP cannot stop their progression.

In carrots and | ettuce, treatment with 1-M CP was found to prevent physiological disor-
dersthat were associated with ethylene (Fan and Mattheis, 2000b). In carrots, the bitterness
due to accumulation of isocoumarin, and in lettuce, the phenols synthesized through the
shikimic acid pathway leading to russet spotting were prevented. Potatoes close wounds
inflicted during harvesting by developing alayer of suberin, and during thiswound healing,
ethyleneis produced by the tuber. Preventing the production of ethylene by 1-MCP or other
inhibitors did not affect suberization (Lulai and Suttle, 2004). Onion bulbs responded to 1-
M CP by maintaining higher sugar and dry weight levels (Chopeet a ., 2007). Sprout growth
was reduced by 1-MCP treatment at 4 and 12°C, but not at 20°C. Germination of chayote
(Sechium edule (Jacqg.) Sw), a vegetable native to Middle America, was also prevented by
1-MCP (Cadena-Iniguez et al., 2006).
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7.7 Fresh-cut products

The quality of fresh-cut products is influenced by the original quality of the produce at
harvest, and maintaining this quality between harvest and preparation, the method of pro-
cessing, and subsequent handling and storage conditions. A major problem of fresh-cut
products is a relatively short postcutting life due to excessive tissue softening and cut-
surface browning. These processes are stimulated by ethylene. Vegetables are more often
prepared and sold as fresh cut, minimally processed or ready-to-eat, and lettuce is one of
the major products prepared in this way. The browning in shredded lettuce is due to an
increased synthesis of phenolic compounds. The application of 1-MCP to lettuce before
minimal processing resulted in a reduction of russet spotting of ribs as well as cut-edge
browning (Saltveit, 2004; Tay and Perera, 2004). However, if the application was made
after cutting, the increase in phenolic compounds was not affected. Other vegetables and
herbs may also benefit from 1-MCP treatment. Although most vegetables are nonclimac-
teric and are generally not stored for extended periods, it has been shown that even low
levels of ethylene can significantly decrease their shelf life (Ku et a., 1999a). Therefore,
1-MCP may be beneficial even on these commaodities.

The wound response of fresh-cut products induces a transient elevation of ethylenein
thetissue. Cucumberstreated with 1-M CP before slicing had a greater retention of firmness
and better surface color, even when exposed to ethylene after slicing (Lima et al., 2005).
The response was cultivar dependent, with firmer cultivars benefiting less than those that
were less firm. This has led Nilsson (2005) to suggest that cucumber may not benefit from
1-MCP unless ethylene is present.

Harvested leafy vegetables and herbs also benefit from 1-MCP with slowing of
senescence-associated | eaf yellowing. Mint (Kenigsbuch et al., 2007), rocket (Kourkounaras
etal., 2006), pardey (Lomaniec et al., 2003), and coriander (Jiang et al., 2002) al had longer
shelf life after treatment with 1-MCP, even when stored in the presence of ethylene. Both
chlorophyll and protein degradation leading to amino acid accumulation were lower in
treated leaves. Interestingly, in detached coriander, mint, and parsley leaves both ethylene
and respiration were higher with 1-MCP than in control |eaves, although senescence was
retarded (Jiang et al., 2002; Lomaniec et ., 2003; Kenigsbuch et al., 2007).

Asian vegetabl es such as Chinese mustard, choy sum, garland chrysanthemum, mibuna,
mizuna, and tatsoi are often sold in minimally processed packages. The leaf yellowing due
to senescent processes is prevented with pretreatment with 1-MCP (Able et al., 2003). The
greatest effect was when ethylene was present during the shelf life period. Without ethylene
1-MCP had aminimal effect on all the vegetables except mizuna and mibunawhere natural
yellowing was delayed. Pak choy also had longer shelf life after 1-MCP treatment only
when ethylene was present (Able et a., 2002).

Tomato is climacteric and increases in ethylene occur as a result of ripening as well
aswounding. Light-red tomatoes responded to 1-M CP treatment, and slices prepared from
these fruits maintained firmness better and did not devel op waterlogging when held at 5°C,
while slices from control tomatoeslost firmness (Jeong et al., 2004). Treating red tomatoes
with 1-MCP before slicing gave no benefit or extension of shelf life.

The application of 1-MCP in fresh-cut apples decreased the ethylene production, respi-
ration, softening, color change, and synthesis of aroma compounds (Jiang and Joyce, 2002;
Bai et a., 2004; Calderon-Lopez et a., 2005). In pineapple, 1-M CP decreased respiration,
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browning, loss of visual quality, lightness, and ascorbic acid (Budu and Joyce, 2003). Er-
gun et a. (2006b) reported that slices made from 1-M CP-treated papayas had double the
shelf life than slices made from untreated papayas. “ Galia” melon cubes had reduced water
soaking and better firmness when treated with 1-MCP before slicing (Ergun et a., 2007).
Fresh-cut watermelon slices stored longer under modified atmosphere at 5°C when fruits
were treated with 1-M CP before dicing (Saftner et al., 2007). Fresh-cut banana has a short
shelf life due to fast browning and softening after processing. 1-MCP treatment of slices
decreased the rate of softening and respiration rate, but browning rates were not affected
(Vilas-Boas and Kader, 2006). To control browning, a dip in antioxidants was required. In
other fruits such as kiwifruit, persimmon and mango, Vilas-Boas and Kader (2007) found
different responses in firmness, color, and respiration and ethylene production depending
on the timing of the 1-MCP application. In general, giving the 1-MCP after dlicing had a
stronger effect than giving it to the wholefruit, and giving the 1-M CP together with aCaCl,
dip had asynergistic effect on slice firmness. A similar study with strawberriesalso found a
synergistic effect with 1-MCP and a CaCl, dip (Aguayo et a., 2006). In strawberry, 1-MCP
by itself, either to whole strawberries or to slices had no beneficial effect on firmness or
appearance. Strawberry isthe only nonclimacteric fruit that has been reported on so far for
fresh cut.

7.8 Conclusions

The discovery and subsequent commercialization of 1-MCP has provided exciting oppor-
tunities for postharvest scientists to gain insight into the fundamental processes that are
involved in ripening and senescence of fruit and vegetables. For products such as vegeta-
bles and nonclimacteric fruit where further senescence, such as yellowing, will decrease
quality, 1-M CP applicationsthat prevent change are desirable. For climacteric fruit, success
on acommercial scale will be based on delaying rather than preventing ripening, in order
to extend shelf life but eventually achieve afull ripe product. In the area of basic research,
the availahility of 1-MCP is likely to have a dramatic impact on our understanding of the
involvement of ethylene in plant metabolism and in plant—pathogen interactions. It is an
exciting tool to use, and much knowledge can be gained from its application.
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Chapter 8

Structural Deterioration of the
Produce: The Breakdown of Cell
Wall Components

Pradeep S. Negi and Avtar K. Handa

8.1 Introduction

Fruit ripening isadynamic transitional period during which many easily perceived changes,
such as dterations in pigmentation, firmness, sweetness, and acidity take place. These
changes make fruit desirable for human consumption and capable of seed dispersal by
birds, animals, and environments. Fruit firmness is associated with severa attributes in-
cluding crispness, mealiness, grittiness, chewiness, succulence and juiciness, fibrousness,
toughness, and oiliness. Additionally, development of various organoleptic components
such as sweetness, sourness, astringency, bitterness, and production of volatile compounds
leading to characteristic aroma is connected with fruit textural changes. Although most
of these changes impart desirable traits to various fruits and vegetables, some of the fruit
softening associated changes make them unacceptable for marketing. These include devel -
opment of off-flavors and off-odors with excessive softening of tissues. Textural softening
can also increase susceptibility to phytopathogens due to their proneness to solute leakage
that provide rich media for their growth, and resulting in severe losses during postharvest
storage and marketing (Prasanna et al., 2007).

Large economic losses results from inability to retard ripening-associated excessive
softening of fruits between harvest and marketing. These losses occur due to culling of
perishable commodities at field and packinghouses, grading, storage, transit, retail, and
consumer. In developing countries, theses losses can range between 10 and 100%, espe-
cialy due to phytopathogen-related tissue rotting of certain commodities. The economic
consequences of postharvest fruit softening have led to considerableinterests of geneticists,
physiologists, biochemists, and in recent year's molecular biologists to understand the
molecular basis of fruit softening. The last 40 years have seen a significant increase in our
understanding of biochemical changes associated to fruit textural modifications. Emerging
recombinant DNA technologies including reverse genetics have begun to provide some
answers. In this chapter we have described the relationship of cell wall chemistry and var-
ious families of cell wall-modifying enzymes to the developmentally regulated softening
of fruit during ripening. Also discussed are various postharvest factors affecting struc-
tural deterioration of fruit crops and potential of chemical or genetic means to reduce crop
losses.
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8.2 Fruit softening

Ripening-associated fruit softening is usually represented by a decrease in the firmness of
the tissues involving modifications to the polysaccharide components of the primary cell
wall and middle lamella that cause a weakening of the structure. This interplay between
primary cell wall and middle lamella components is a very complex process involving
many families of cell wall-modifying enzymes. Additionaly, structural proteins such as
expansin also play role (Brummell, 2006; Vicente et a., 2007). Developmental regulation
of expression of many of the genes encoding the cell wall-modifying enzymes underlying
this process has been demonstrated. Many of these proteins are expressed at the onset
of fruit ripening and secreted into the extracellular spaces from the symplast. In addition
to developmentally regulated fruit softening, other mechanisms such as water relations
involving turgor pressure and free radicals may also contribute to fruit softening (Fry et al.,
2001; Dumville and fry, 2003).

Softness and textural characteristics of ripe fruit have been suggested to be determined
by theratio between the declining firmness of primary cell wall and the declining strength of
theintercellular adhesion (Harker et a., 1997). It has been suggested that both the cell wall
and the middle lamella must weaken for fruit to change from hard unripe to soft/crisp and
yet juicy (Brummell, 2006). Relatively robust intracel lular connections with the weakening
of the primary cell walls would keep fruit firm and crisp. On biting, cellsin such fruit will
split open resulting in release of cellular contents and making fruit juicy when chewed. Cell
separation due to breaking of the intracellular connection would result in fruit that is both
soft and juicy. In case the primary cell walls remain strong and the intracellular adhesion
istoo weak, the fruit tissue will be soft with an unpleasant dry texture as observed in apple
and peach injured by chilling (Harker and Hallett, 1992; Brummell et al., 2004b; Brummell,
2006). Overripe fruit exhibit loss of both primary cell walls and intracellular connections.
However, detailed characterization of the structural and compositional changes is needed
to strengthen this hypothesis.

8.3 Structure and composition of primary cell walls in fruits

The primary wall is important for structural and mechanical support of the plant body.
It maintains and determines cell shape and form, resists internal turgor pressure of cell,
controls rate and direction of growth, regulates diffusion of material through the apoplast,
carbohydrate storage, and provides protection against pathogens, dehydration, and other
environmental factors. Besides polysaccharides, a range of structural and enzymatic pro-
teins, hydrophobic compounds, and inorganic molecules aso exist in cell wall. The pri-
mary cell wall is highly hydrated, and the agqueous components contain various dis-
solved solids, ions, and soluble proteins including enzymes. Severa models for plant
cell walls have been proposed. These models are based on the same common funda-
mental components (Table 8.1) but differ in terms of how these components interact
with each other. Interactions proposed among various components include cellulose mi-
crofibrils cross-linked with hemicellulose with pectin acting as cement, Ca?* bridges con-
necting uronic acid carboxyl function and borate diesters of two rhamnogalacturonan |1
monomers, covalent cross-linkage among different classes of pectin to form a single het-
erogeneous network, coval ent bonding between pectin and xyloglucan, aswell as pectin and
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Table 8.1 Common polymers of primary cell wall and their structures

Polymer Molecular structure

Cellulose (1—4)B-D-glucan chains held together with hydrogen bonding, forming
very long crystalline microfibrils
Cross section contains 36 glucan chains
Xyloglucan Backbone similar to cellulosg, i.e., (1—4)B-D-glucan
Regular substitution on three out of four consecutive glucose residue with
a-D-Xxylose
Xylose occasionally extended with 8-D-galactosyl-«-L-fucose or
a-L-arabinose in some species
The reducing end of unsubstituted glucose residues is susceptible to
cleavage by Trichoderma endo-(1— 4) 8-D-glucanases (EGases)
producing similar amounts of heptasaccharide (Glc4.Xyl3) and
nonasaccharide (Glc4.Xyl3.Gal.Fuc) xyloglucan subunit
oligosaccharides
Glucomannan Backbone contains regions of (1— 4)8-b-glucan and (1— 4)8-D-mannan
in nearly similar amounts galactomannan
Occasionally terminal has a side chains of single unit of a-D-galactose
Glucuronoarabinoxylan Backbone of (1—4)8-D-xylan
Side chains of single unit of nonreducing terminal «-L-arabinose and
a-D-glucuronic acid

Homogal acturonan Made of long chains of (1— 4)a-D-gaacturonic acid
Initially highly methyl-esterified
Rhamnogal acturonan | (RG-1) Made of alternating «-dD-rhamnose and «-d-galacturonic acid residues;

long side chains of either unbranched (1— 4) 8-D-galactan or branched
a-L-arabinans or type | arabinogal actans attached to the rhamnose
residues

Rhamnogal acturonan Il (RG-11) Backbone made of (1— 4)a-D-galacturonic acidlike homogal acturonan;
complex side chains of different types of neutral sugar. A minor cell
wall component. RG-11 monomers can dimerize together as boron
diesters and may affect the cell wall porosity

Structural proteins Four different types including expansin; some are heavily glycosylated

cellulose. These models have provided useful starting points to understand ripening-
associated changes in cell wall, that lead to change in fruit texture (Vincken et al., 2003;
Brummell, 2006; Vicente et ., 2007).

Cellulose microfibrils are composed of unbranched (1,4)-linked «-D-glucan and syn-
thesized in the plasma membrane by large hexameric complexes. Long crystalline ribbons
of about 3-5 nm width of cellulose microfiber, formed by extensive hydrogen bonding
among severa parallel glucans chains, provide cell wall mechanical strength and resistance
to enzymatic attack. The matrix glycans (hemicelluloses) are neutral or weakly acidic,
composed mainly of neutral sugars, and do not contain galacturonic acid (GalA). The ba-
sic structure of hemicellulose is similar to cellulose, but does not form microfibrils due to
its branching and other sugar modifications. Hemicelluloses are synthesized in the Golgi
apparatus and deposited to the wall surface by transport through vesicles. Xyloglucan and
arabinoxylan predominate among the various components of hemicellulose. The xyloglu-
can backbone is similar to that of cellulose but has numerous regularly spaced xylose
side chains, some extended with either Gal-Fuc or Ara. The arabinoxylan backbone is
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made of a(1,4)-«a-D-xylan with occasional single glucuronic acid and arabinose side chain.
Other sugars attached to arabinoxylans include glucuronic acid and ferulic acid esters.
Glucomannan (alternating regions of 1,4-8-D-glucan and 1,4-8-D-mannan), one of the
other components of the primary cell wall, may have roles similar to xyloglucan and
arabinoxylan.

Hemicelluloses present in the ripening fruits include glucuronoarabinoxylans, xylans,
and glucomannansthat areloosely associated with cellulose microfibrilsthat arelong, rigid,
inextensible fibers.

Pectins represent a complex and heterogeneous group and can contain as many as
17 different monosaccharides (Vincken et al., 2003). Like hemicellulosic components,
pectins are aso synthesized in the Golgi apparatus and deposited to the wall sur-
face via vesicles. Pectin polymers are broadly divided into severa distinctive categories
that include galacturonan, rhamnogalacturonan | (RG-I), and arabinogalactan 1l (AG-
I1), with each category having further subgroups. Galacturonan shares a backbone of
1,4-linked «-D-Gal pA (galacturonic acid polymer) residues and includes homogal actur-
onan (HG), rhamnogalacturonan 1l (RG-I1), and xylogalacturonan (XGA). Homogalac-
turonans are initially synthesized and secreted into plant cell wall with a high degree
of methylesterification (Carpita and McCann, 2000), which declines during develop-
ment due to the action of apoplastic pectin methylesterase (Willats et al., 2001a). Some
of the GalA residues of HG can be methylesterified at C-6 or carry acetyl moiety on
0-2 and O-3 position. RG-Il contains a few rhamnose residues that are present only
in the side chains and not in the backbone. The branched galacturonan XGA contains
B-D-Xylp-(1— 3) side chains with the degree of xylosylation varying between 25 and 75%
in watermelon and apple, respectively (Vincken et a., 2003). Some of the GalA residues
of XGA can be methylesterified. The methylesterification of HG plays significant role in
processing attributes of fruits, in particular (Thakur et a., 1996a, b), and the industria
properties of pectins, in general (Thakur et al., 1997).

The RG-I backbone contains repeating disaccharide unit [— 2)-«-L-Rhap-(1— 4)-«-D-
Gal pA-(1—], where the n can be larger than 100. Like RG-II, some of the RG-I galac-
turonyl residues can be acetylated at O-2 and O-3 and the rhamnosy! residues substituted
with neutral sugars at O-4. Although RG-I can exist as unbranched molecule, generally
20-80% of Rha are branched. RG-I may contain single («¢-D-Gal p-(1—4)) as well as
polymeric side chains such as arabinogalactan | (AG-1) and arabinan (50 glycosyls or
more residues). The AG-1 backbone is composed of a 1,4-linked «-D-Gal p and a-L-Araf
residues. The backbone of arabinansis consist of a 1,5-linked a-L-Arafwith possible sub-
gtitutionswith a-L-Araf-(1—2)-, a-L-Araf-(1— 3)-, and/or a¢-L-Araf-(1— 3)-a-L-Araf-
(1— 3) sidechains. The hairy pectinsthat vary with plant speciesinclude mostly complexes
of RG-I, AG-I, and arabinan. It is not yet established if the arabinogalactan Il (AG-II) is
part of the pectic complex. AG-Il is primarily associated with arabinogalactan proteins
(AGPs) and often coextracted with pectin suggesting covalent link between these moi-
eties. The backbone of AG-II contains 1,3-linked B-D-Gal p with short side chains of «-L-
Araf-(1—6)-[a-D-Gal p-(1—6)], withn = 1, 2, or 3. The galactosy! residues of the side
chains can be substituted with a-L-Araf-(1— 3) residues. Amount of structural proteins
is very low, and it ranges from 1 to 10% on dry weight basis. AGPs contain over 90%
polysaccharides and the protein moiety rich in Pro/Hyp, Ala, Ser, and Thr (Vincken et a.,
2003).
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8.4 Ripening-associated cell wall changes

Fruit ripening is associated with extensive structural alterations within its semisoluble
pectin matrix, the pectin-rich middle lamellae that cement walls of adjacent cells, and the
hemi cellulose—cellulose network. Pectins, hemicellul oses, cellulose, and starch arethe com-
mon polysaccharides that undergo modifications during ripening. Degradation of pectins
that represent over 50% of total carbohydrate in the fruit cell walls has been implicated in
tissue softening of a number of fruits. Pectin chemistry plays important roles in cell wall
hydration status and the mobility of resident enzymesby changing cellular porosity andion-
facilitated gel formation. Even beforethe onset of fruit ripening, alossof pectic galactan side
chains and the depolymerization of matrix glycans are usualy initiated, which is followed
by aloss of pectic arabinan side chains. Fruit ripening initiates the depolymerization of
pectins, which becomes very prominent during the late ripening. The relationship between
the pectic material degradation and the decrease in the firmness of fruit tissues has been
extensively documented. In addition to the pectin degradation, xyloglucan breakdown has
been reported in the early stage of softening, but it isrelatively limited and more consistent.
The degradation of both xyloglucans and polyuronides is cooperatively involved in fruit
softening processes; the xyloglucan breakdown may contribute to the initiation process,
while the polyuronide degradation to the excessive softening process (Wakabayashi, 2000).
Slippage between hydrogen-bonded hemicellulose and cellulose polymers al so contributes
to softening (Brummell et a., 1999; Powell et a., 2003). In part, the expansin family of
cell wall proteins (Cosgrove, 2005) mediates such cell wall “creep,” and it is postul ated that
the hydrogen-bonded interface between cellulose and xyloglucan may act as asubstrate for
these bindings (Rose and Bennett, 1999; Brummell and Harpster, 2001).

Significant differences in ripening-associated cell wall polysaccharide modifications
exist among species of the same genus and even among different cultivars of same species
(Hiwasaet a., 2004; Rodli et a., 2004). These differences along with the marked diversity
in cell wall changes between species greatly contribute to the vast variability in firmness,
texture, and juiciness characteristics observed among different ripe fruits. Emerging evi-
dences have begun to support hypothesis that different cell wall changes are a result of
variations in the abundance, activity, timing, and type of gene family members of various
polysaccharide-modifying enzymes expressed during ripening. This is likely responsible
for the different cell wall processes observed between soft and crisp fruits. In spite of the
similar proportions of cell wall material, the melting and structure of the cell wallsin these
fruitsare very different at the ripe stage. Solubilization of the middle lamellaand arestruc-
turation of the primary cell walls arising from the cells separation were observed in crisp
fruits, whereas the middle lamella of the soft fruitsis better preserved and the primary cell
walls are thin. The changes in texture of cherries during ripening are linked to cell wall
degradation, involving synthesis and degradation of polymers, and the fruit texture depends
on the extent of the links between cell wall polymers. An increasein pectin solubility leads
to cell dliding and an el astic aspect of tissues (Batisseet al., 1996). Figure 8.1 shows changes
in relative solubilization of various major cell wall polysaccharides during ripening of some
of the fruits.

8.5 Pectin solubilization

During fruit softening, pectin typically undergoes solubilization followed by depolymer-
ization that isthought to contribute to wall loosening and disintegration resulting in textural
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Arabinose Galactose Pectin Pectin
Level I o
loss loss solubilization depolymerization
Apricot Cucumber Apple Apricot
Absent Plum Plum Watermelon Plum
Watermelon Watermelon
".| Pepper -".| Apricot .".| Apple -".| Pepper
Some ".| Tomato .".| Blueberry .".| Tomato
. Banana e
-::] Avocado -1 Plum :-:1 Avocado
Intermediate .| Peach :.-] Strawberry '] Peach
- Kiwifruit :::{ Tomato <2+ Kiwifruit
. Pear Avocado
Extensive Blueberry | Blackberry
| Kiwifruit

Fig. 8.1 Classification of fruits based on extent of cell wall polysaccharide modifications during ripening.
Shown are ripening-associated losses of arabinose and galactose and solubilization and depolymerization of
pectic component from cell walls of fruits of various species. Levels represent: Extensive >70%, intermediate
25-70%, some <25%, and absent undetectable. (Redrawn from Brummell, 2006.)

changes. Substantial differencesin proportion of pectin solubilization exist between species;
greatest solubilization occurring in ripening avocado followed by kiwifruit and blackberry,
whereas solubilization was very low or absent in apples and watermelon (Brummell, 2006).
The increased pectin solubilization is correlated with a swelling of cell wall (Redgwell
et a., 1997a). In persimmon, avocado, blackberry, strawberry, and plum fruit that ripensto
asoft melting texture, wall swelling was pronounced, particularly in vitro. In vivo swelling
was marked only in avocado and blackberry. Fruit that ripened to acrisp, fracturabletexture
such as apple, pear, and watermelon did not show either in vivo or in vitro swelling of the
cell wall. There is a correlation between swelling and the degree of pectin solubilization,
suggesting that wall swelling occurred as aresult of changes to the viscoelastic properties
of the cell wall during pectin solubilization. The pectin that is solubilized during ripen-
ing generaly has alow Gal (Redgwell et a., 1997b) and Ara content (Brummell et al.,
20044q). This indicates that either solubilization and Gal/Ara loss largely affects different
pectic molecules (Redgwell et al., 1997b) or loss of amost complete side chain resultsin
polyuronide solubilization. Swelling was associated with movement of water into voids | eft
in the cellulose—hemicellulose network by the solubilized pectin (Redgwell et a., 19974).
These processes combined with the loss of pectic side chains increase wall porosity that
may allow increased access of degradative enzymes to their substrates later in ripening
(Brummell, 2006). The walls of fleshy fruits become much more open, and hydrophilic en-
vironment exists as ripening progresses. Theincreased accessibility of hydrolytic enzymes
to their substrate further promotes polymer dismantling.
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Polyuronides in tomato and avocado exhibit progressive depolymerization from unripe
to midripeto full ripe, whereasin peach there was allittle change in midripe fruit compared
with unripe but it showed a dramatic depolymerization at the full ripe stage. Depolymeriza-
tion of polyuronideshasimportant consequencesfor the strength of cell-to-cell connections,
which affects softening and texture of the fruit, but the large differences in the extent of
polyuronide depolymerization among species during ripening indicates that altered inter-
cellular adhesion is more important component of textural changes in some species than
others. Induction of polyuronide depolymerization in a nonsoftening mutant tomato by
expressing polygalacturonase (PG) has shown that it alone is not the determinant of fruit
softening (Giovannoni et al., 1989). Depolymerization of polyuronideslatein ripeningisa
major contributor to weakening of the middle lamella and declining intercellular adhesion.
Softening often does not correlate with polyuronide depolymerization early in ripening,
although the more extensive depolymerization occurring late in ripening is associated with
alarge declinein firmness.

A reductionin degree of pectin methylesterification isacommon feature of most aspects
of plant development, which is most noticeable during fruit ripening. A large decrease in
the degree of pectin methylesterification has been reported during ripening of kiwifruit
(Redgwell et al., 1990), papaya (Paull et a., 1999), avocado (Wakabayashi et al., 2000),
peach (Brummell et a., 2004a), and grapes (Barnavon et al., 2001). A 40% drop in the
degree of pectin esterification was reported in fruit development in tomato cv VF145b-
7879 (Koch and Nevins, 1989), but was not observed in other tomato varieties (Tieman
et a., 1992). Demethylesterification of pectin not only affects the rigidity of the pectin
network and properties of the wall but also modifies the diffusion and activity of enzymes
within the wall spaces. The changing ionic conditions in the apoplast (alteration in pH,
increase in K ion, and osmoticum) may affect the activity of the cell wall hydrolases
(Grignon and Sentenac, 1991; Chun and Huber, 1998; Almeida and Huber, 1999) and
aggregation of pectin molecule (Fishman et al., 1989).

During ripening of avocado, water-soluble polyuronides increased dramatically, con-
comitant with marked downshiftsin molecular mass. PG playsthecentral rolein polyuronide
degradation in ripening avocado fruit cell walls, and partial deesterification is neces-
sary for the increase in the susceptibility of polyuronides to PG (Wakabayashi et al.,
2000).

Fleshy fruit of strawberry soften during ripening mainly as a consequence of solubi-
lization and depolymerization of cell wall components and is associated with an increment
of pectin solubility and a reduction of the molecular mass of hemicelluloses (Martinez
et al., 2004). The amount of water-soluble polymers (WSP) increased from small green
(SG) to white (W) stage, on the contrary, the hydrochloric acid—soluble pectins (HSPs)
decreased during ripening. The amount of hemicellulosic polysaccharides and cellulose
also decreased. A dlight depolymerization was observed in hemicelluloses (Rodli et a.,
2004).

8.6 Matrix glycan solubilization

Galactan and arabinan play important role in cell wall structure and function. The majority
of Gal and Arain the primary walls is present as the 1,4-8-D-galactan, 1,5-«-L-arabinan,
and branched arabinogalactans side chains of RG-I with smaller amounts in structural
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glycoproteins and in the side chains of xyloglucan, glucuronoarabinoxylan, and RG-II
(Carpita and Gibeaut, 1993). Debranching of RG-1 side chains appear to be an important
component of changes that alter fruit firmness. During ripening, loss of polymeric Gal and
Arafrom the cell wall takes place, the extent of which is dependent on species (Gross and
Sams, 1984; Redgwell et al., 1997b). The appearance or disappearance of the 1,4-8-D-
galactan was correlated with wall firmness in pea cotyledons (McCartney et al., 2000) and
potato (Ulvskov et al., 2005).

Cell wall arabinan is necessary for maintaining cell wall flexibility, as its degradation
prevented the cell wall movements necessary for stomatal opening and closing (Joneset a.,
2003). Arabinan is also essential for normal intercellular adhesion, as a mutant in Nico-
tianalacking firmly bound arabinan had loosely attached cells (Iwai et a., 2001). Reduced
deposition of arabinan in the regions surrounding intercellular spaces was correlated with
weakened cell-to-cell contacts in Cnr mutant of tomato, which does not ripen properly
(Orfila et al., 2001). Retention of cell wall Ara correlated with the atered inter-
cellular adhesion and increased wall strength in meay peaches (Brummell et al.,
2004b).

Depolymerization of matrix glycans from cell wall is closely correlated with fruit soft-
ening. During ripening a progressive downshifts in the molecul ar weight of matrix glycans
have been observed in tomato (Tong and Gross, 1988; Maclachlan and Brady, 1994; Brum-
mell et al., 1999), pepper (Grosset a., 1986), melon (Rose et al., 1998), strawberry (Huber,
1984), avocado (Sakurai and Nevins, 1997), kiwifruit (Redgwell et a., 1991), and in many
other species. The depolymerization occurs in both the xyloglucan component and total
matrix glycans. Depolymerization of matrix glycan is thought to be a major contributor to
the reduced rigidity of cell wall and fruit softening. Due to its important structural role of
cross-linking cellulose in wall, depolymerization of xyloglucan may be one of the impor-
tant factors along with other polymer degradation. Loosening of the xyloglucan—cellulose
network may be also a part of cell wall swelling, which is correlated with pectin solubiliz-
ation.

In general, depolymerization of matrix glycans begins during early ripening and con-
tinues throughout, and these changes correlate with softening. Depolymerization may be
very slight (apple, strawberry, banana, and bell pepper); progressive, which begins slowly
during ripening but exhibits substantial depolymerization latein ripening (kiwifruit, tomato
avocado, and papaya); or abrupt, absent in early ripening and occurs rapidly during late
ripening (melon and melting flesh peach). The progressive loss of large arabinan and
galactan side chains of RG-1 during ripening is likely to alter cell wall rigidity/flexibility
and intercellular attachment, increase cell wall porosity, and may affect pectin solubiliza-
tion.

8.7 Enzymatic regulation of polyuronide depolymerization

During ripening, multiple enzymes promote disassembly of individual cell wall polysaccha-
rides. Most of the disassembly of the cell wall during ripening is dueto the actions of arange
of polysaccharide-modifying enzymes secreted into the cell wall space from the symplast,
although nonenzymatic mechanisms mediated by free radicals may aso be involved
(Fry et al., 2001, 2002; Dumville and Fry, 2003). The expression of many genes in-
creases during ripening, and the product of these genes may influence depolymerization or
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modifications of cell wall polysaccharides (Albaet al., 2005; Handa et al., 2007). For ex-
ample, the expression of LePG in ripening tomato is accompanied by increases in other
proteins whose functions are to depolymerize or modify polysaccharidesin cell wall, such
as pectin methylesterase (PME) (Harriman et al., 1991), endo-1,4, 8-glucanase (L ashbrook
et a., 1994), xyloglucan endo transglycosylases (Arrowsmith and de Silva, 1995), -
galactosidases (Smith et a., 1998; Carey et d., 2001), and pectate lyases (Marin-Rodriguez
et a., 2002).

Pectin modification provides an excellent example of the modification of polysaccha-
ride domains. A number of enzymes modify or degrade pectin including enzymes that act
on pectins such as exo- and endo-acting PGs, PMEs, §-galactosidases, and pectate lyases
(PLs) (Table 8.2). Most of these enzymes exist in multigene families with a subset of one
or more gene family members regulating the cell wall modification processes associated
with fruit ripening. Complex interactions between gene family members of each enzyme
class and between different enzymes may also occur. A well-characterized cooperative re-
lationship exists between PG and PME. PME plays critical rolesin establishing structurally
and functionally distinct classes of pectin, important in many stages of plant growth and
development (Ridley et ., 2001; Willats et a., 2001a).

Pectin is the most abundant class of macromolecules within the cell wall matrix and in
the middle lamella between primary cell walls. During fruit softening, pectin typically un-
dergoes sol ubilization and depolymerization processes that are thought to contribute to wall
loosening and disintegration. PG, which catalyzes the hydrolytic cleavage of galacturonan
linkage of pectin, is the most abundant pectin-degrading enzyme whose action coincides

Table 8.2 Pectin-modifying and degrading enzymesin fruits

Substrate Enzymes Products
Pectin Pectin methyl esterase Pectic acid + methanol
Endopolymethyl galacturonase Methyl oligogal acturonides
Rhamnogal acturonase a-(1,2)Linked L-Rha, a-(1,4)
linked D-Gal
Endopectin lyases Unsaturated oligogal acturonides
Hairy pectin Rhamnogal acturonan acetylesterase Pectin + acetic acid
Pectin acetyl esterase Pectin + acetic acid
Smooth pectins Lyases Oligogalacturonides
Protopectin Protopectinase Pectin
Pectic acid Endo-PG Oligogalacturonides
Exo-PG Monogal acturonides
Endopectate lyases Oligogalacturonides
Exopectate lyases Unsaturated digalacturonides
Trigalacturonic acid Oligogalacturonide hydrolase Monogal acturonides

A4:5 (galacturonide)n A4:5 unsaturated Unsaturated monogal acturonide +

oligogalacturonide hydrolase galacturonides (n—1)
Unsaturated digalacturonate Oligogalacturonide lyases Unsaturated monogal acturonides
Arabinans a-L-Arabinofuranosidase a-L-Arabinose

(1,5)-a-Arabinans

Galactans

Endoarabinanase

B-D-Galactanase

Arabinose and higher
oligosaccharides
B-D-Galactose
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with fruit softening (DellaPennaet al., 1986; Biggs and Handa, 1989; Brummell and Harp-
ster, 2001). However, molecular genetic studies have shown that even though the PG is
responsible for polyuronide depolymerization and solubilization, it makes only a partial
contribution to fruit softening.

Structural aterationsin the cell walls of ripening fruit take place within its semisoluble
pectin matrix and within the pectin-rich middle lamellae that cement walls of adjacent cells.
Pectins in fruits represent over half of the cell wall polysaccharides present (Brummell
and Harpster, 2001). Ripening-associated changes in pectin porosity and ion-facilitated
gel formation regulate cell wall hydration status and the mobility of resident enzymes.
Biologically active cell wall fragments are generated during plant processes, including
defense against pathogens (Vorwerk et al., 2004).

Homogal acturonans are initially synthesized and secreted into plant cell wall with a
high degree of methylesterification (Carpita and McCann, 2000), which declines during
development due to the action of apoplastic pectin methylesterase (PME) (Willats et al.,
20014). A reduction in degree of pectin methylesterification is a common feature of most
aspectsof plant development, whichismost noticeable during fruit ripening. Large decrease
in the degree of pectin methylesterification has been reported during fruit development in
tomato (Koch and Nevins, 1989; Tieman et a., 1992), kiwifruit (Redgwell et al., 1990),
papaya (Paull et al., 1999), avocado (Wakabayashi et al., 2000), peach (Brummell et a.,
20044a), and grapes (Barnavon et al., 2001). In general, alkaline PMEs from plants are
thought to deesterify contiguous Gal residues in homogal acturonans by the so-called single
chain mechanism (Denes et al., 2000), in which aPM E deesterifies contiguous Gal residues
in a pectin chain in alinear fashion to produce blocks of pectin with free carboxyl groups.
PMEs can deesterify more limited runs of Gals using a multiple attack mechanism also
(Grasdalen et al., 1996; Denes et a., 2000). PME action pattern affects block length of
deesterified HGA and its propensity for calcium-cross-linked gel formation.

PMEs may play important roles in determining the extent to which demethylated poly-
galacturonans are accessi bleto degradation by PGs, releasing galacturonic acid (exo-PG) or
oligogalacturonate (endo-PG), and the availability of homogal acturonan carboxylic group
for calcium ion binding, resulting in supramolecular assemblies and gels. The formation of
these calcium-mediated pectin gels significantly affects the mechanical properties of cell
wall and addsrigidity to thewall (Thakur et a., 1997; Brummell and Harpster, 2001; Rose
et al., 2003). Although PMEs play a little role in fruit softening during ripening, their ef-
fect on tissue integrity is substantial (Brummell and Harpster, 2001). Low PME expression
in Cnr tomato mutants is speculated to be responsible for maintaining a strong cell wall,
highlighting its role in maintaining fruit cell wall integrity (Eriksson et al., 2004).

Peach genotypethat show limited flesh softening during ripening were characterized by
lower losses of neutral sugars, especially those of arabinose and galactose, higher ethylene
production during ripening, higher level sof uronic acids, andincreased capacity for calcium
binding in the water-insoluble pectin fraction compared with fruits of the extensive flesh-
softening genotypes during ripening. Thelimited softening character can be attributed to the
decreased activity of PME combined with higher levels of calcium in the water-insoluble
pectin fraction and reduced solubility of cell wall pectin (Manganaris et ., 2006). During
ripening of nectarine, there was a temporal coincidence among higher rates of ethylene
production, higher PME and PG activities, and lower firmness. PME and PG activities
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increased during ripening, with a highly negative linear correlation between activities of
the two enzymes and firmness (Artes and Salmeron, 1996).

In rambutan the firmness of skin increased toward harvest with decrease in water-
soluble pectic substances, hemicellulose, and cellulose. Although PE activity in the pulp
did not change during fruit development, endo-PG increased toward harvest, suggesting
that endo-PG may relate to cell wall polyuronide degradation in the pulp (Kondo et al.,
2002).

An overdl increase of cell wall materia was observed during green bean pod de-
velopment, and major changes were detected in the pectic polymers. Initialy, cell walls
contained large amounts of neutral, sugar-rich pectic polymers (rhamnogal acturonan), and
during elongation, more galactose-rich pectic polymers were deposited into the cell wall,
and thelevel of linear homogal acturonan steadily increased. During maturation of the pods,
galactose-rich pectic polymers were degraded and there was an increase in the amount of
ionically complexed pectins at senescence. The most abundant enzymes were PME, per-
oxidase, B-galactosidase, and «-arabinosidase with PG present only in very small amounts
throughout pod development (Stolle-Smits et al., 1999). Ebbelaar et a. (1996) aso ob-
served low endo-PG or exo-PG activitiesin early developmental stages, while PE activities
were measurable during all stages of pod and seed development. These results do not
favor a possible synergistic action of PE and PG. PE gene expression levels varied sig-
nificantly in pods from different cultivars suggesting its involvement in determining pod
morphology.

Pectate lyases are the other pectin-degrading enzymes that randomly cleave 8 (1-4)
linkages between galacturonosyl residues, generating 4,5-unsaturated oligogal acturonates
by g-elimination (Willats et al., 2001b). In strawberries an antisense PL gene caused an
increase in fruit firmness and reduced the postharvest softening, without affecting weight,
color, and soluble solid content of the fruit, indicating that PLs play an important role
in fruit softening (Jiménez-Bermidez et al., 2002). In ripening strawberry, accumulation
of a PL gene product is absent in green fruit but subsequently appears at the white stage
and further during ripening (Medina-Escobar et al., 1997). Constitutive downregulation
of corresponding gene expression in transgenic strawberry reduced softening as measured
by the presence of higher numbers of red fruit within fruit populations showing enhanced
internal and external firmness (Jiménez-BermUdez et a ., 2002). Firmness of transgenic fruit
was preferentially enhanced during the developmental transition from white to red fruit,
with red transgenic fruit populations being approximately twofold firmer than populations
of ripe nontransformed controls. Popul ations of ripetransgenic fruit al so maintained greater
levels of overall firmness during several days of postharvest storage (Jiménez-Bermidez
et a., 2002).

The action of the endogenous enzyme from banana pulp tissue revealed a significant
increase in calcium-dependent pectate lyase activity during ripening. The enhanced levels
of enzyme activity corresponded with anincreasein soluble polyuronidesfrom bananapul p
(Marin-Rodriguez et al., 2003).

In some fruit, pectin solubilization can also be nonenzymatic. In ripening kiwifruit, it
is proposed that pectin solubilization may be due to nonenzymically regulated cell wall
swelling (Newman and Redgwell, 2002). It has also been proposed that ascorbate, copper
ion, and H,O,, naturally produced in cell walls, can solubilizefruit pectin viathe production
of hydroxyl radicals (Dumville and Fry, 2003).
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8.8 Enzymatic regulation of galactose loss during ripening

During ripening, fruits exhibit a large decrease in galactose from their cell wall polymers
(Gross and Sams, 1984). In tomato, the decline in galactose starts early and increases
with ripening, and occurs primarily from pectic fraction with matrix glycan and cellulose
fractions showing only aslight loss (Gross, 1984; Seymour et a., 1990). Most of the galac-
tose is a part of the side chains attached to rhamnose of the rhamnogalacturonan (RG-1)
backbone and is linked either in type | (1—4)8-D-galactan chains or in type |1 branched
(1— 3),(1— 6) B-D-galactan chains (Carpitaand Gibeaut, 1993). It isthe (1— 4) 8-D-galactan
that is depolymerized during ripening of tomato fruit (Seymour et a., 1990). Due to the
lack of endogalactanasesin higher plants, the exo-8-D-galactosidase (EC 3.2.1.23) enzyme
activity has been implicated in depolymerization of g-galactan present in cell wall. Exo-8-
D-galactosidase catalyzes hydrolysis of the terminal nonreducing g-D-galactosy! residues
from B-D-galactosides. Multiple forms of B-D-galactosidase are present in fruits. Among
the three forms designated as -galactosidase I, I, and 111, only the 8-galactosidase Il is
active against a(1— 4) 8-D-galactan-rich polymer prepared from tomato cell walls (Pressey,
1983). It also exhibits activity against a variety of galactoside substrates indicating a
B-D-galactosidase/exogalactanase activity (Smith and Gross, 2000). Whereas -
galactosidase | and 111 predominate in green fruit tissue, g-galactosidase 11 is a ripening-
regulated activity that increases over sevenfold during tomato fruit ripening (Pressey, 1983;
Carey et al., 2001).

The tomato genome contains at least seven genes that encode 8-D-galactosidase that
are designated as TBG1 to TBG7 (Smith et al., 1998; Smith and Gross, 2000; Carey et d.,
2001). Transcripts of all members of family are detected in tomato fruit and other plant
tissues but expression of 7TBG1, 3, 4, and 5 increases during ripening. Among them the
transcript abundance of 7BG! and TBG3 remained low and unchanged during ripening
whereas the levels of TGB4 and 5 mRNAS continue to increase until the turning stage of
ripening before declining. 7BG6 mRNA exhibits highest abundance in fruit tissue but is
undetectablein theripening fruit. The nonsoftening tomato mutants »in and nor, that exhibit
much reduced loss of “ripening-related” cell wall Gal compared to wild-type fruit (Gross,
1984), show absence of ripening-related rise in B-galactanase (8-gaactosidase I1) activity
(Carey et d., 1995). These mutants show a marked reduction in TGB4 transcriptsin fruits,
whereas the levels of TBG1, 3, and 5 are similar to wild type (Moctezuma et al., 2003).
Interestingly, the mRNA of TBG6 continues to be present in rin and nor fruits of the same
chronological age as wild-type ripening fruit (Smith and Gross, 2000). The deduced amino
acid sequence of TBG4 corresponds to the protein termed as g-gaactosidase 11 (Smith
et al., 1998). Taken together these results suggest that 7BG4, which is ca. 100 amino acids
shorter at the carboxy! terminal end than other 7BGs and encodes a predicted polypeptide of
78kDa, isresponsiblefor the Gal lossfrom cell wall during fruit ripening (Smith and Gross,
2000).

8.9 Enzymatic solubilization of other polysaccharide components

Multiple enzymes are required to disassemble higher-order structural components of the
fruit cell wall. Structural modifications in hemicellulose—cellulose domains may facili-
tate entry of enzymes into the ripening fruit cell wall. These enzymes include xyloglucan
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endotransglycosylase (XTH, EC 2.4.1.207), the endo-g-1,4-glucanases (EGases, EC
3.2.1.4; previously known as cellulases), endo-S-mannanase (EC 3.2.1.78) (Bewley et d.,
2000), B-D-xylosidases (EC 3.2.1.37) (Itai et a., 2003), and expansins. Mannan transglyco-
sylasesregulated during ripening are very recent additionsto thelist of candidatesfor roles
in glycan network disassembly (Schroder et al., 2004). Ripening-associated modifications
in hemicellulose-cellulose structure appear to greatly influence the accessibility of multi-
ple enzymes to their substrates. Expansins target components of the glycan superstructure
in ripening fruits, indirectly facilitating hydrolysis of the HGA substrate by one or more
pectinase (Brummell et al., 1999).

Efficient distribution of C-14-starch into glucose, fructose, and sucroserevealed consid-
erable sugar interconversionsindicating active gluconeogenesi sduring mango fruit ripening
(Yashodaet al., 2006). But the texture of Kent mango ismost likely moderated by changesin
solubility of insoluble pectin or by nonpectin componentsin the cell wall asthetemperature
gradient infusion of fresh-cut mangoes with PME and/or calcium chloride had no impact
on hardness and adhesiveness (Banjongsinsiri et a., 2004).

Biochemical changes during ripening of capsicum are characterized as an increase in
free sugar levels, an increasein in situ hydrolysis of some hemicellulose fractions (Hem a,
b, and c), and a general increase in the activity of cellulase, «-mannosidase, laminarinase,
polygalacturanase, gal actanase, mannanase, 8-galactosidase, and hemicellulase (HCe) ac-
tivity on Hem b and c. But the activity of xylanase, PME, and HCe on Hem a decreased
during ripening (Prabhaet al., 1998). Jagadeesh et a. (2004a) observed ripening specificity
for B-hexosaminidase and an interrelationship between this and «-mannosidase activi-
ties, which may be responsible for the textural softening associated with capsicum fruit
ripening.

The amount of cellulose does not decline during ripening in most fruits (Maclachlan
and Brady, 1994; Sakurai and Nevins, 1997), and it is presumed that depolymerization of
celluloseis not amajor feature of ripening. In avocado, aloss of fibrillar material from the
wall occurred during ripening that was due to the depolymerization of large unbranched
molecules of cellulose and an increase in the proportion of crystalline cellulose, suggesting
apreferential degradation of peripheral amorphouscellulose chains (Platt-Aloiaet al., 1980;
O'Donoghue et a., 1994).

During peach fruit development and ripening, cell wall undergoes severa structural
and biochemical changes driven by several hydrolases (Bonghi et al., 1998). Among these,
the endo-8-1,4-8-glucanase (EGase), or cellulase, may play a crucia role in cell wall
hydrolysis. During the four stages of peach growth, EGase activity was high during S1 and
early S2, declined during S3, and increased with the onset of ripening ($4), implying that
the EGasesisinvolvedin early fruit growth and theinitial phases of softening. The presence
of two isoforms and the dual effect of propylene on enzyme activity suggest that different
EGase genes operate during the early and late developmental stages in peach.

Detectable endo-3-1,4-glucanases (EGases) enzyme activity is first observed in large
green fruits of strawberry, but a steep increase occurs in white fruits when the ripening
process starts (Trainotti et al., 1999). This processisthen accompanied by afurther increase
in EGase activity, which appears to be doubled in red ripe fruits.

Anincrease in cellulase (endo-1,4- 8-D-glucanase) accompanies progressive softening,
loss of skin strength, and abreakdown of cell wallsin the mesocarp of raspberry, indicating
its involvement in fruit separation as well as softening (Sexton et a., 1997). The initia
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loss of avocado mesocarp firmness during fruit ripening may aso be linked to the onset of
cellulase activity (O’ Donoghue et al., 1994), but no relationship between cellulase activity
and softening of banana fruit was observed (Xue et al., 1995).

Pectin solubilization and rel ease of side chain-derived galactose have been shown to be
temporally coincident during early ripening in avocados and melons (Sakurai and Nevins,
1997; Rose et al., 1998). During ripening of multiplefruits, polyuronides are released from
loose associations, whereas most Gal lost is derived from tightly held cell wall components
enriched in rhamnogal acturonans. Therefore, in many cases, cell wall sources of solubilized
pectins during ripening may not represent polymers targeted by S-galactosidase (8-Gal)
(Redgwell et a., 1997b).

With advancement in ripening of papaya fruit, increased structural solubilization
and concomitant depolymerization of pectin are observed (Manrique and Lajolo, 2004).
A decline in the levels of galactose, galacturonic acid, and nonglucose monosaccha
rides indicated the association between polysaccharides from matrix and microfibrillar
phases.

The B-D-gal actoside gal actohydrol ase enzymeswere capabl e of differentially hydrolyz-
ing the cell wall of papaya as evidenced by increased pectin solubility, pectin depoly-
merization, and degradation of the alkali-soluble hemicelluloses. Hemicellulose seemed
to be hydrolyzed more extensively than the pectins. The ability of the g-galactanases to
markedly hydrolyze pectin and hemicellulose suggests that galactans provide a structural
cross-linkage between the cell wall components (Lazan et al., 2004).

a-Galactosidase is one of the exoglycosidases capable of hydrolyzing «-1,6-linked
a-galactoside residues. a-Galactosidases remove galactosyl moieties from stored galac-
tomannan polysaccharides in germinating seeds, and can be used to change their rheol ogi-
cal properties (Gao and Schaffer, 1999). Although «-gal actosidase activity was observed to
increase during ripening in tomatoes (Jagadeesh et al ., 2004b), ethylene-responsive Cecona
apricots and ethylene-resistant San Castrese apricot (Botondi et al., 2003), the exact role of
a-galactosidase in these fruitsis yet to be established.

«a-Galactosidase activity increased concomitantly with firmnesslossin papaya, and this
increase was largely ascribed to «-gal 2 (Soh et al., 2006). The protein level of a-gal 2 was
low in devel oping fruits and generally increased with ripening. a-Gal actosidase 2 markedly
increased pectin solubility and depolymerization, while the polymers were still structurally
attached to the cell walls. The close correlation between texture changes, a-gal 2 activity,
and protein levels as well as capability to modify intact cell walls suggest that the enzyme
might contribute to papaya fruit softening during ripening.

In cellulose and the hemicellulose xyloglucan interactions, which typically comprise
about two thirds of the dry wall mass, xyloglucan binds noncovalently to cellulose, coating
and cross-linking adjacent cellulosemicrofibrils(McCann et a., 1992). Theresulting exten-
sive xyloglucan-cellulose network isthought to act asthe major tension-bearing structurein
the primary wall. Xyloglucan-metabolizing enzymes therefore represent a potentially im-
portant mechanism for controlling wall strength and extensibility. Cleavage of load-bearing
xyloglucan cross-links by hydrolytic enzymes might be a means of achieving rapid wall
loosening. Enzymes, capable of splitting and reconnecting xyloglucan moleculesin rapidly
growing plant tissues, were named as xyloglucan endotransglycosylase (XET) (Smith and
Fry, 1991), while Nishitani and Tominaga (1992) described them as endoxyloglucan trans-
ferase (EXT, later redesignated as EXGT).
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In peach cell wall, the xyloglucan, a dominant constituent of hemicellulose, gradually
degraded throughout the fruit-softening period. Initially, the xyloglucan degrades during
which the pectin remains insoluble, and later, pectin becomes soluble concurrently with
continuous xyloglucan degradation. However, Saladie et al. (2006) suggested that xyloglu-
can endotransglucosylase/hydrolases (X THs) do not represent primary cell wall- oosening
agents in tomatoes.

Mannanase activity was found to increase during the later stages of ripening in tomato,
but no corresponding increase in LeMAN4 mRNA was noticed, suggesting that either this
geneissubjected to posttranscriptional regulation or the LeMAN4 protein remainsinactive
or sequestered until the later stages of ripening (Carrington et al., 2002). It may also be
possible that the natural substrate of tomato fruit mannanase is not a cell wall mannan.
Reduction in the mannose content of the hydrolyzed polymeric fractions of ripe mango
revealed the possible involvement of an endomannase and «-mannosidase, the two major
enzymes, in mango fruit softening and ripening (Yashoda et a., 2007).

The increase in endo-B-mannanase activity is greatest in the tomato skin and less in
the outer and inner pericarp regions. This enzyme is probably bound to the walls of the
outermost cell layers of the fruit during ripening. Endo-g-mannanase may be produced
and sequestered in a mature-sized inactive form during early ripening. Most nonripening
mutants of tomato exhibit reduced softening and lower endo-8-mannanase activity, but it
may not be responsible for softening as some cultivars that ripen normally do not exhibit
any endo-B-mannanase activity in the fruit (Bewley et al., 2000).

In olive fruit cell walls, decreases in arabinose, xylose, glucose, and uronic acid levels
were observed, together with a slight increase in mannose on ripening. At the beginning of
ripening, pectic polymerswerethe major constituents. Between the green and cherry stages
of ripening, asignificant loss of homogal acturonans was observed. Between the cherry and
black stages of ripening, rhamnogal acturonan side chains were also released in addition to
homogal acturonans (Jimenez et al ., 2001).

In pears, cell wall degradation is correlated with adecrease in firmness during ripening,
and the modification of both pectin and hemicellulose are essential for the devel opment of a
melting texture. Different softening behaviors during ripening among the pear fruits may be
caused by different endo-PG activity and different expression of PG genes (Hiwasa et al.,
2004). Theincreaseintheactivitiesof g-galactosidase (8-Gal) and «-L-arabinofuranosidase
(a-Af) during pear ripening correlated well with a concomitant decrease in flesh firmness.
The g-Gal and «-Af may not mediate difference in fruit softening between two pears, but
that they could play some role(s) in cell wall changes, perhaps in cooperation with other
cell wall-modifying enzymes such as PG (Mwaniki et al., 2007).

Thetextural changeswere most noticeable at the preclimacteric stagein ripening sapote
mamey fruit. The water-soluble pectin increased at adifferent rate than firmness decreased.
No correlation between PG or PME activity and changes in firmness was observed in
ripening fruits, though a low correlation was seen between 8-GAL activity and softening.
Fruit pul p softening was not dependent on asingle enzyme activity (Arenas-Ocampo et dl.,
2003).

The modification of cell wall polysaccharides during softening of grape berries is a
complex processinvolving subtle changesto different components of thewall, and in many
cases only small amounts of enzyme activity are required to effect these changes (Nunan
et al., 2001).
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8.10 Role of expansin in regulating fruit softening

One potential regulator of pectin solubilization early in ripening is expansin. The mecha
nismsby which expansinsoperate arestill unclear, but they lack significant transglycosylase
or hydrolase activity (M cQueen-Mason and Cosgrove, 1995). It has been hypothesi zed that
expansins modify cell wall structure by interfering with the ability of xyloglucans or other
hemicelluloses to hydrogen bond to cellulose microfibrils (Cosgrove, 1999). In fact, ex-
pansins have structural features similar to proteins that bind polysaccharides (Cosgrove,
1999). Expansin might diffuse down a cellulose chain, incrementally displacing hydrogen
bonds between cellulose and interacting glycan, allowing the conversion of existing wall
tension to polymer creep (Cosgrove, 2000).

Expansins are a class of proteins identified by their ability to induce the extension of
isolated plant cell walls. Expansins were originally identified as cell wall-oosening pro-
teins because of their unique ability to induce cell wall relaxation and extension in isolated
cell walls, and are now generally accepted to be key regulators of wall extension during
growth (Cosgrove, 2005). The expansins belong to a family of proteins that appear to be
involved in the disruption of noncovalent bonds between cellulose microfibrils and cross-
linking glycans. Expansin may also function to |oosen the associ ation between the structural
polysaccharidein thewall by disrupting hydrogen bonding the cellulose microfibrilsand the
tightly associated xyloglucan polymers (McQueen-Mason and Cosgrove, 1995). Besides
playing an apparently key role in wall expansion, and hence in cell growth, expansins have
been implicated in an increasing number of processes during plant growth and develop-
ment such asfruit ripening, pollination, germination, and abscission (McQueen-Mason and
Rochange, 1999).

Expansins are encoded by an extensive multigene family and have been divided into «-
and B-expansins. Two further subfamilies y - and §-expansins, which are truncated versions
of a- and B-expansins, have been identified recently. Functional rolesfor y - and §-expansins
have yet to be defined, although recent data indicate a signaling role for y-expansins
(Li et al., 2003). The expression of an expansin specifically during the stages of fruit soft-
ening and wall breakdown suggests that expansins might function in cell wall disassembly
(Rose and Bennett, 1999). Brummell et al. (1999) reported that plants with overexpressed
LeEXP1 had softer fruits, whereas underexpressors had firmer fruit confirming the role of
expansinsintomato fruit softening. Powell et al. (2003) also demonstrated that concurrently
suppressing the expression of both LeEXPI and LePG increases fruit firmness more than
suppressed expression of either gene alone.

Depolymerization of polyuronideswas markedly reduced in expansin-deficient plantsas
they became red ripe or even overripe. However, no increased depolymerization of pectins
was observed in transgenic lines that overaccumulated recombinant expansin late in the
ripening. Although no direct effect of expansin on the action of PG or other pectinase
is reported, the confinement of obstructed pectin depolymerization to late-ripening stages
was consistent with the interpretation that expansin may have indirectly limited pectin
breakdown.

The expression of a-expansin gene, MiExpA1I is correlated with softening in mango.
The expression of this gene is under dual control, being triggered by ethylene treatment
within 90 min followed by a ripening-associated peak in transcript accumulation on the
third day after ethylene treatment. At the protein level, expression of the expansin is
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detectable from the second day itself and continues throughout the course of softening.
Treatment with 1-methylcyclopropene (1-MCP) inhibits both ripening/softening as well as
MiExpA1 transcript and protein accumulation. It is suggested that MiErpAl expression is
ethylenedependent, and itsexpressionincreaseswith theprogression of ripening (Saneetal.,
2005).

8.11 Transgenic approaches to enhance cell wall integrity

Thefunctionsof several enzymesactivein ripening fruit havebeen explored using transgenic
strategies. Table 8.3 summarizes phenotype of some of transgenic plants underexpressing
these enzymes and proteins. Antisense inhibition of PG had dight effect on fruit softening
but significantly changed depolymerization of pectinsresulting inincreasein juiceviscosity
(Thakur et al., 1997). Transgenic plants expressing an antisense gene of PME showed over
95% reduction in fruit PME activity and resulted in marked improvement in juice viscosity
and increased total soluble solidsin fruits (Tieman et al., 1992; Gaffeet al., 1994, Thakur et
al., 1996a, b). Fruit softening wasnot affected during normal ripening but showed breakdown
of tissue integrity after extended storage (Tieman and Handa, 1994).

Homol ogy-dependent silencing of 7BG1 resulted in about 90% reductioninitstranscript
accumulation but had affected neither the total exogal actanase activity, cell wall galactose
content, or fruit softening (Carey et al., 2001). These results suggest that TBGL either
does not contribute significantly to total S-galactosidase activity or has activity that is
specific to aminor cell wall component. Suppression of TBG3 by its antisense RNA gene
resulted in several changes including up to 75% reduction in extractable exogal actanase
activity, simultaneousreductionin TBG1and TBG4 transcript levels, and increased cell wall
galactose content. These change had little effect on ripening-related fruit softening, but fruit
deteriorated slowly during long-term storage (de Silva and Verhoeyen 1998). Juice from
these transgenic fruits showed increase in insolubl e solids and viscosity. Transgenic tomato
fruits expressing about 1,500 bp of TGB4 in antisense orientation showed strong reduction
in TGBA4 transcripts and about 90% reduction in extractable exogal actanase activity (Smith
et a., 2002). Compared to wild type free galactose levels in al TBG4 antisense lines
were lower at mature green stage 4, but in ripening fruits. Also, the total fruit cell wall
galactosyl contents were not affected by the antisense gene. All of the antisense lines
had reduced free galactose levels at mature green stage 4, but levels comparable with
control during ripening. Tota cell wall galactosyl contents in the antisense fruit were not
significantly different from control fruit. Fruits from several independent transgenic were
firmer than control. Fruits from the transgenic line, designated 1-1, exhibiting maximum
reductionin TBG4 transcriptsand exogal actanase activity, and the highest galactosyl residue
content during early stage of ripening were 40% firmer than control (Smith et al., 2002).
By expressing TBG4 in yeast, Smith and Gross (2000) have confirmed that it encodes
both a galactosidase and an exogal actanase. Taken together above results provide a strong
evidence for the involvement of 8-galactosidase in cell wall modification leading to fruit
softening.

Results with other genes have indicated that specific members of the §-galactosidase,
expansin, and PL genefamiliespartially regul ate softeningintomatoesor strawberry (Brum-
mell et al., 1999; Jiménez-Bermldez et a., 2002; Smith et al., 2002). However, functional
analyses of specific PGs, PMESs, X THs, and EGasesin tomatoes, strawberries, and peppers
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have failed to establish their roles in softening (Lashbrook et al., 1998; Brummell et al.,
1999; Woolley et a., 2001; Harpster et al., 20023, b). Transgenic fruit firmness was not
significantly altered when PG or expansin action was suppressed individually, but increased
when genes encoding both proteins were simultaneously downregulated (Powell et dl.,
2003).

8.12 Postharvest factors affecting structural deterioration

Themajor postharvest problem with storage of fruits and vegetablesisthe excessive soften-
ing. Ripening of many fruitsismainly orchestrated by biosynthesis of ethylenethat triggers
aseria biochemical and physiological process inducing the softening in texture. In case of
Capsicum annuum fruits, softening during ripening is associated with alteration in pericarp
cell wall and the breakdown of middle lamella pectins (Sethu et al., 1996).

8.12.1 Processing

In olives, the lye treatment and wash causes an exchange of arabinans from carbonate-
soluble and 4 M KOH-soluble fractions to the water-soluble fraction. The main change
in pectins was a movement of homo- and rhamnogal acturonans from water-soluble and
carbonate-soluble fractions to the imidazole-soluble fraction, but a partial solubilization
of alkali-soluble and cellulose-linked pectins during lye treatment, wash, and fermentation
was also observed (Jimenez et al., 1998).

Cadlifornia Black Ripe processing of olives was accompanied by general solubilization
of polysaccharides, and pectins and a noncellulosic glucan component were most clearly
affected. Soluble polysaccharides accumulated in processing liquids. Analysis of polysac-
charides extracted from cell walls suggests that the polymer most extensively solubilized
and eluted during processing is relatively unbranched pectin (Araujo et al., 1994).

In mechanically injured tissues (fresh-cut) of papaya the PG, cellulase and 8-GAL
activitiesincreased within 24 h of cutting and remained significantly higher during storage
as compared to intact fruits. These enzyme activities were accompanied by an increase
in both 1-aminocyclopropane-1-carboxylate synthase (ACS) and 1-aminocyclopropane-
I-carboxylate (ACC) activities raising the possihilities of enhanced ethylene production,
thereby stimulating ripening (Karakurt and Huber 2003). In tomatoes, wounding resulted
in reduction or complete cessation of PG synthesis (Chung et a., 2006). The increase in
PG activity during ripening is due to de novo synthesis (Tucker et al., 1980; Bird et al.,
1988; Biggs and Handa, 1989), and reduction in PG gene expression was observed after
wounding. Chung et al. (2006) also reported that wounding might also impair the ability of
ripening tomato tissues to recover PE activity and g-galactanase activity.

Carbohydrate analysis of partially defatted almond seeds reveal ed important changesin
cell wall polysaccharides. Atlow extraction percentages (up to 33%), pectic polysaccharides
and hemicellulosic xyloglucans were the main type of polymers affected, suggesting the
modification of the cell wall matrix, athough without breakage of the walls. At higher
extraction rates (up to 64%), a mgjor disruption of the cell wall occurred as indicated by
the losses of al major types of cell wall polysaccharides, including cellulose. At higher
extraction rates, fatty acid chains are able to exit the cells either through unbroken walls, or
the modification of the pectin-hemicellulose network might have increased the porosity of
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thewall. Dueto high pressure, aprogressive breakage of the cell wallswas observed, which
alowsthe free transfer of the fatty acid chains from inside the cells (Femeniaet a., 2001).

8.12.2 Heat

Postharvest heat treatments lead to an alteration of gene expression, and fruit ripening
can sometimes be either delayed or disrupted. Cell wall-degrading enzymes and ethylene
production are frequently the most disrupted, and their appearance is delayed following
heating. Fruit sensitivity to heat treatments is modified by preharvest weather conditions,
cultivar, rate of heating, and subsequent storage conditions (Paull and Chen, 2000). Prestor-
age heat treatment appears to be a promising method of postharvest control of decay. Heat
treatments against pathogens may be applied to fresh harvested commodities by hot water
dips, by vapor heat, by hot dry air, or by avery short hot water rinse and brushing.

Bananafruit exposed to elevated temperatures showed increased softening, and soften-
ing wasinhibited by 1-M CP treatment, which suggests that heat enhances synthesis of new
ethylene sites which mediated banana fruit softening (Jiang et al., 2002). In case of apple
slices, the heat treatment inhibited slice texture changes but reduced sensory firmness (Bai
et a., 2004).

In strawberries, heat treatments reduced EGase and 8-Xyl activity and delayed hemi-
cellulose degradation. The application of heat treatment aff ected the solubization of pectins
and hemicelluloses. PG and B-Gal activity was a so inhibited by heat treatment, but PME
activity was enhanced (Vicente et al., 2005).

PG and xylanase decreased in papaya by hot water treatment (49°C for 120 min), and
dissolution of the middle lamella and destruction of the cell wall were inhibited (Bacay-
Roldan and Serrano, 2005). PG, which was altered by vapor heat treatment, influenced the
development of physiological injury in papaya (Suzuki et al., 1994).

Heat treatment inhibits the synthesis of cell wall hydrolytic enzymes (Schirra et a.,
2000). Prestorage heat treatment could delay theripening of “Gala” and “ Golden Delicious”
apples and maintain storage quality (Shao et a., 2007). Heating “ Golden Delicious’ apples
for 4 days at 38°C reduced decay and maintained fruit firmness during 6 months of storage
at 0°C (Samset a., 1993).

Cooking resulted in anincreasein the water-sol ubl e pectinsand adecreasein the pectins
associated with cellulose. The total cell wall polysaccharide and galactose content of the
squash cultivars remained unchanged for up to 2 months of storage and decreased later
(Ratnayake et al., 2003).

8.12.3 Physiological disorders

Symptoms of water soaking in watermelon were accompanied by increases in the levels
of water- and CDTA-soluble polyuronides and significant molecular mass downshifts in
polyuronides in both immature and ripe fruit (Karakurt and Huber, 2002). Catabolic reac-
tions targeting the cell walls contribute to the development of water-soaking disorder in
watermelon, and PG, EXP, LOX, PLC, and PLD levels increase with its onset and devel-
opment (Karakurt and Huber, 2004).

Depolymerization of high-molecular-mass trans-1,2-CDTA-soluble pectin occurred
in severely watercored pear fruits, but there were no such metabolic changes in the
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Na,CO3-solublefractions. Theactivities of S-galactosidase and S-glucosidaseincreased as
the zone of watercore expanded. Catabolism of carboxymethyl cellulose by cellulase was
not different between sound and watercored tissues, but the activity against xyloglucan was
higher in watercored ti ssue than the sound tissue adjacent to the watercore zones. Structural
changes in sound and severely watercored tissue showed cell separations with the accu-
mulation of pectic materialsin theintercellular space of severely watercored tissues (Chun
et al., 2003).

Water soaking, a physiological disorder characterized by a glassy texture of the flesh
melon fruit, is due to increased water mobility. Alteration of the cell wall and the presence
of large intercellular spaces were correlated with a severe depletion of cell wall calcium.
Water soaking developed during the late stages of fruit ripening. The major changes were
observed in a protein implicated in calcium signaling processes. While the amount of
total calmodulin, the ubiquitous calcium-binding protein, was not modified, a particular
calmodulin-binding protein (CaM-BP) was absent in water-soaked but not in sound mature
tissues. This CaM-BP may be a marker or adeterminant of this physiological disorder (du
Chatenet et a., 2000).

Gel breakdown in inner mesocarp tissue of plums was associated with high viscosities
of water-soluble pectin with low levels of extractable juice. In outer mesocarp tissue where
extractablejuicelevelswere higher, overripeness developed. Cell walls of inner tissue were
thicker and had a better developed middle lamella than outer tissue. Inner mesocarp tissue
was composed of larger cellsthan outer tissue (Taylor et al., 1993).

8.12.4 Chilling and freezing injury

Insoluble pectin levels declined during ripening and cold storage of plum fruit with a
concomitant increase in soluble pectin levels. Neither harvest maturity nor storage time
had a significant effect on the concentration of calcium pectate, and this pectic fraction
did not appear to influence development of gel breakdown (GB). Water-soluble pectin and
availability of cell fluids indicated a high gel potential in plums. Significant levels of GB
developed only in plums harvested at postoptimum maturity. In GB fruit, higher sugar levels
and loss of cell membrane integrity probably enhanced formation of pectin sugar gels as
cell fluids bind with pectinsin cell walls (Taylor et al., 1995).

Four B-D-galactosidases (GA-ase |, 11, 111, and 1V) and one a-L-arabinofuranosidase
(AF-ase) activitieswere detected in cell wall extracts from applesstored at 0°C for 5 months
(Yoshiokaet al., 1995). The GA-ase degrades polyuronides and releases gal actose. GA-ase
I, 111, and 1V fractions contained arabinogal actan-degrading and gal actose-releasing activ-
ities, but GA-ase| failed to degrade arabinogal actan. AF-ase fraction degraded polyuronide
and arabinogal actan releasing arabinose and other sugars. The activities of GA-ase I, |11,
and 1V decreased gradually asthe apples softened in storage. The activities of GA-asel and
AF-ase, which were not detectable at harvest, increased during storage. These galactose-
and arabinose-releasing activities may be involved in the degradation and solubilization of
polyuronide, araban, and galactan in the cell walls of apples during softening.

Postharvest life in peach is limited by chilling injury. The initial response to low tem-
perature is considered to involve physical factors such as membrane alteration and pro-
tein/enzyme diffusion, but physiological changes that lead to losses of structural integrity
and overall fruit quality also occur (Morris, 1982). During softening, dissolution of the
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ordered arrangement of cell wall and middle lamella polysaccharides occur. As the fruit
ripens, a substantial portion of its cell wall pectins are converted to a water-soluble form
affecting the texture (Labavitch, 1981).

Thedelay inripening of cold-stored peaches has been associated with reduced ability of
fruitsto convert insoluble pectic substancesinto soluble pectin (Lurie et a., 1994), and with
the inhibition of PG activity (Artes et al., 1996). The major changes involved in softening
and chilling injury in peaches are the catabolism of cell walls and the development of an
intercellular matrix containing pectins (Harker and Maindonald, 1994). Gel-like structure
formation in the cell wall due to the deesterification of pectins without depolymerization
leads to the devel opment of woolliness in peach (Lurie et al., 2003).

Peach fruits devel op mealiness (pastiness), which is associated with separation of mid-
dle lamella without extensive degradation of cell wall. Mealiness has been attributed to
the presence of insoluble low methoxyl pectic substances of high molecular weight that
are formed by the action of PE during chilling. The affected cells showed larger primary
walls separated, forming a continuous extracellular matrix. The intracellular spaces were
characterized by the presence of amorphous pectic substances and polysaccharides. At the
ultrastructural level, dissolution of the middie lamella, cell separation, irregular thickening
of the primary wall, and plasmolysis of the mesocarp parenchymacellswere seen asinternal
breakdown progressed (Luzaet al., 1992).

Uronic acid content was higher in both water-soluble and -insoluble pectin fractionsin
sound peach fruit compared to fruit with internal breakdown symptoms. Thechilling-injured
fruits were characterized by 26% higher content in total neutral sugars compared to sound
fruit, which was mainly attributed to increased galactose, arabinose, and glucose contents,
whereas tissue derived from sound fruit had a 27% higher cellulose content compared to
chilling-injured tissue. Decreased activitiesof both PG and PM E, accompanied by decreased
levels of cation binding in the cell walls, primarily of calcium, were recorded in the brown-
fleshed tissue (Manganaris et al., 2006).

Ruoyi et al. (2005) showed that combination of chitosan coating, calcium chloride, and
intermittent warming partialy inhibited PG activity, slowed down the increase in soluble
pectinefic substances. Addition of calcium chloride and intermittent warming could keep
the intactness of cell wall and reduce fruit sensitivity to injury in peach.

Endo-PG, PE, and endoglucanase (EGase) activities of delayed-storage nectarines fruit
were same as the control fruit a the beginning of storage, although exo-PG was higher.
Endo-PG activity was lower in control than delayed-storage fruit at the end of storage,
while PE activity was higher, and exo-PG and EGase activities were similar. Prevention
of chilling injury by delayed storage (DS) appears to be due to the ability of the fruit
to continue progressive and slow cell wall degradation in storage, which allows normal
ripening to proceed when the fruits are rewarmed (Zhou et al., 2000).

8.12.5 Modified atmosphere

Fruit softening is associated with the disassembly of primary cell wall and middle lamella
structure. The changes in cell wall structure and composition result from the composite
action of hydrolytic enzymes produced by fruits, which include PG, PE, PL, 8-GAL, and
cellulases (Brummell and Harpster, 2001). High-oxygen atmosphere retards the decreasein
firmnessin grapes (Deng et al., 2005), sweet cherries (Tian et al., 2004), fresh-cut carrots
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(Amanatidou et a., 2000), and strawberries (Wszelaki and Mitcham, 2000). Deng et al.
(2005) observed that decrease in firmness of grapes under different oxygen storage was
accompanied by a dramatic decrease in hemicellulose and moderate decrease in cellulose
and total pectins, which indicates that the softening in grapes is due to increased depoly-
merization and degradation of cell wall polysaccharides. At higher oxygen storage, grapes
maintained firmness, which coincided with higher retention of cell wall polysaccharides.
Thelower levels of water-soluble pectinsin high-oxygen atmosphere were correlated with
delayed softening, and the activities of PG, PE, 8-GAL increased to lower extent than air
storage, which indicates that higher oxygen might have inhibited relative enzyme activities,
reducing the degradation and depolymerization of pectin substances.

Cellulase activity in grapes increased slightly over time, and its activity was dlightly
lower in high oxygen compare to air (Deng et al., 2005). In controlled atmosphere (CA)-
stored apples, ripening-related softening was inhibited after an initial loss of firmness.
However, softening resumed after transfer of apples to normal atmosphere storage at 8°C
(Ingham et a., 1998).

Theretardation of carambolafruit softening by MAPand/or LT, which correlatesclosely
with delayed sol ubilization and depolymerization of the chelator-sol uble polyuronides, may
partly be attributed to suppression of the increase in activity of the major wall hydrolases.
Suppression of the enzyme activities in fruit under MAP also appears to contribute to
increased tolerance of the carambolasto Cl incidence (Ali et a., 2004).

Delayed (2 days at 20°C before storage) and controlled atmosphere (fruits stored at
10% CO,, 3% O,) storage of nectarinesfruits prevented wooliness during ripening of fruits
after 4- to 6-week storage at 0°C compared to fruits stored immediately in 0°C, 95% RH air
(Zhou et d ., 2000). At thetime of removal, the delayed stored fruits exhibited similar levels
of PG and PE transcripts but higher PG and lower PE activities compared to control fruits.
CA-repressed transcript levels of both PG and PE and activity of PG, but the PG activity
recovered during the 7-day ripening period. Whereas the endoglucanase activity declined
during ripening in al fruits, control fruits retained more activity than DS or CA fruits. On
the basis of these results, Zhou et a. (2000) have suggested that the ratio between PG/PE
at the time of removal of the delayed stored fruits or during ripening of CA stored fruits
plays a significant role in the development of fruit wooliness.

A hydrophobic coating formul ated with maltodextrins, carboxymethylcellulose, propy-
leneglycol, and amixtureof sorbitan esterswasapplied to preclimacteric“Manila” mangoes.
Thefruit treated with the coating suffered less mesocarp softening along with concomitant
reductions of PG and cellulase (Cx) activitiesthan did control fruit. After theinitial storage
period, activity of PG increased steadily during further ripening of coated fruit (Diazsobac
et al., 1997).

Coating citrus with low-molecular-weight chitosan (LMWC, Mw = 15 kDa) improved
firmness and exhibited greater antifungal resistance than 2-(4-thiazolyl)benzimidazole
(TBZ), and its quality was maintained for longer (Chien et al., 2007).

8.12.6 Pathogen attack

In apple and tomato fruits, Penicillium expansum infection caused reduction in the molec-
ular mass of hemicelluloses, particularly in the xyloglucan. Xyloglucan endotransgluco-
sylase/hydrolase (X TH)-specific activity decreased drastically during the infection process
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in both fruits. X TH reduction during the infection might be related with the fungus attack
mechanism. Decrease in activity and the consequent lower xyloglucan endotransglucosy-
lation, together with the increase in endoglucanases, would permit fungal access to the
cellulose-xyloglucan network, increase the efficiency of cellulose hydrolysis, and thus fa-
cilitate the progress of the fungal infection. Hemicellulose degradation isimportant in the
breakdown of plant cell walls, causing cell wall loosening, increasing the porosity of the
wall, and allowing the colonization of plant tissue (Miedes and Lorences, 2004).

In bell pepper fruit tissue, massive fungal colonization wasfollowed by extensive degra-
dation of the pectin component of host walls and middle lamella due to the necrotrophic
growth of Botrytis cinerea. Cellulose breakdown was limited to small wall areas. The dis-
ruption of host walls and the reduction of pectin labeling appeared to parallel levels of cell
wall-macerating enzymes isolated from B. cinerea-infected tissue. High levels of PG and
trace amounts of cellulase were detected in B. cinerea-infected tissue. In chitosan-treated
tissue, the preservation of pectin-binding sites and the intense and regular cellulose distri-
bution over host walls suggested that chitosan might have prevented the maceration of host
tissue by B. cinerea. Chitosan not only was effective in reducing the production of PGs
by B. cinerea, but also caused severe cytological damage to invading hyphae, which may
be responsible for the limited ability of the pathogen to colonize tissues in the presence of
chitosan (Elghaouth et al., 1997).

Pear PG inhibitor protein (PGIP) caused partia inhibition of the crude mixture of
Botrytis enzymes and increased the ratio of dimeric to monomeric uronide products. How-
ever, no accumulation of larger oligomeric breakdown intermediates was detected, and no
impact on ethylene elicitor activity of the digestion products was observed. Differential in-
hibition of the B. cinerea PG isozymesby pear PGIPwas observed (Sharrock and L abavitch,
1994).

8.12.7 Irradiation

The biological effect of gammaraysis based on the interaction with atoms or moleculesin
the cell, particularly water, to produce free radicals, which can damage different important
compounds of plant cell. The UV-B/C photons have enough energy to destroy chemical
bounds, causing a photochemical reaction. Gamma rays accelerate the softening of fruits,
causing the breskdown of middle lamella in cell wall. They aso influence the plastid
development and function, such as starch—sugar interconversion. The penetration of UV-
B light into the cell is limited, while gamma rays penetrate through the cells. For this
reason, UV-B light has a strong effect on surface or near-to-surface areain plant cells. Plant
pigments, such as carotenoids and flavonoids, save plant cells against UV-B and gamma
irradiation (Kovacs and Keresztes, 2002).

UV light has been used as a postharvest treatment to enhance shelf life of variousfruits
and vegetables (Liu et al., 1993; Maharg et a., 1993). The beneficial doses of UV-C are
reported to induce the accumulation of phytoalexins (Devlin and Gustine, 1992) and activate
genes, encoding pathogenesis-related proteins (Green and Fluhr, 1995). Barka et a. (2000)
demonstrated that UV-C treatment resulted in a reduction in softening and the lowered
activitiesof cell wall-degrading enzymes (PG, PME, cellulase, xylanase, 8-D-galactosidase
and protease) in tomato fruit. They proposed that cell wall-degrading enzymes are one
of the targets of UV-C irradiation by inducing their proteolysis or the reduction of their
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de novo synthesis, and it contributed to a delay of the cell wall degradation and prevented
softening.

Irradiation induces softening in mature green and pink tomato fruits within hours fol-
lowing irradiation, and differences between irradiated and control fruit persisted throughout
postirradiation storage. Fruit irradiated at the mature green stage softened during postirradi-
ation storage but exhibited an apparently irreversible suppression in PG activity, with levels
remaining <10% of those of nonirradiated fruit. PG activity was less strongly affected in
irradiated pink fruit than in mature green fruit, but activity remained reduced relative to the
controls. PME and 8-gal actosidase activities were significantly enhanced inirradiated fruit
of both ripening stagesin the early period following irradiation, but reductions were noted
after prolonged storage (Elassi et al., 1997).

The firmness of irradiated papaya fruits (500 Gy) was retained at least 2 days longer
than in control fruits and also had a slower rate of softening. The activity patterns of PG,
PME, and 8-galactosidase were related to pulp softening and were