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I PREFACE

For the last 50 years, our knowledge of the science and technology of food flavors
has increased tremendously. To distribute the information, publishers have released
many professional reference books on the subject. In general, most of the books
have some discussion on the flavors of fruits and vegetables, though several of them
specifically address these two important groups of food commodities. Information
on the flavors of fruits and vegetables is essential to the work of government, aca-
demia, and industry. This book is an updated reference treatise on the flavors of
fruits and vegetables. It includes 55 chapters, with 31 on the flavor of fruits and 24
on that of vegetables, covering the following topics:

- biology, chemistry, and biochemistry

- biotechnology and genetic engineering

- analytical methodology

« processing technology

« fresh and processed commodities

« products derived from processed fruits and vegetables
- regulatory consideration

There are several professional books on the subject matter and the preference for
any particular one depends on the needs of the users. Although many topics are
included in this volume, we do not claim that the coverage is comprehensive.

This work is the result of the combined efforts of more than 70 individuals from
industry, government and academia worldwide. They represent the expertise of
professionals from 18 countries including Belgium, Brazil, China, Canada, Croatia,
Cuba, France, India, Indonesia, Israel, Italy, Japan, Kuwait, Malaysia, Mexico,
Portugal, Spain, Turkey, and the United States. The editorial team consists of 12
established experts in the flavors or processing of fruits and vegetables. Each con-
tributor or editor was responsible for researching and reviewing subjects of immense
depth, breadth, and complexity. Care and attention were paramount to ensure tech-
nical accuracy for each topic. In sum, this volume is unique in many respects. It is
our sincere hope and belief that it will serve as an essential reference on the flavors
of major plant foods.

We wish to thank all the contributors for sharing their expertise throughout our
journey. We also thank the reviewers for giving their valuable comments leading to

xi



Xii PREFACE

improvements in the contents of each chapter. In addition, we thank members of

the production team at John Wiley and Sons for their time, effort, advice, and exper-

tise. All these professionals are the ones who made this book possible. You are the

best judge of the quality of their work and we trust that you will benefit from the
fruits of their labor.

Y. H. Hur

F. CHEN

L. M. L. NoLLET

R. P F GuINE

J. L. LE QUERE

O. MARTIN-BELLOSO

M. I. MINGUEZ-MOSQUERA

G. PALIYATH

F. L. P. PEssoa

J. S. SipHU

N. SINHA

P. STANFIELD
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I CHAPTER 1

Fruits and Fruit Flavor: Classification
and Biological Characterization

YUEMING JIANG' and JUN SONG?

'Chinese Academy of Sciences
2Atlantic Food and Horticulture Research Centre

Fruit has always been a part of the human diet and is an important nutritional
source, with high water content (70-85%) and a relatively high amount of carbo-
hydrates but low contents of fat (less than 0.5%) and protein (<3.5%). It usually
contains many useful vitamins as well as minerals, dietary fiber, and antioxidants
(Goff and Klee 2006; Knee 2002). From 2002 to 2007, there has been a steady
increase in fruit production with 2.67% each year, partly in response to population
growth and living standard improvement in most countries and effective encourage-
ment by government health agencies of fruit consumption. In 2007, a total amount
of 318.6 million tons of fruit was produced in the world, which is equivalent to
48.2kg per capita of production and a fruit consumption of 12kg per capita
(Euromonitor 2008; http://faostat.fao.org).

In this chapter, the botanical information, characterization, importance, and
production of fruits are briefly reviewed. The chapter provides general informa-
tion about fruit and draws comparisons between fruit and fruit flavor. Flavor
characterization is also discussed in detail.

CLASSIFICATION OF FRUITS

There are different ways to classify fruit (Table 1.1). Generally speaking, the outer,
often edible layer in fleshy fruits is the pericarp, which develops from the ovary wall
of the flower and surrounds the seeds. While the seeds are akin to the egg develop-
ment in the ovary of a fowl, the pericarp may be assumed as the uterus. However,
a small number of fruits do not fit into this description. For example, in most nuts,
the edible part is the seed but not the pericarp. In addition, many edible vegetables
such as cucumber and squash are common pericarp and are botanically considered
as fruits. In this chapter, the use of the term “fruit” will not refer to these vegetable

Handbook of Fruit and Vegetable Flavors, Edited by Y. H. Hui
Copyright © 2010 John Wiley & Sons, Inc.
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TABLE 1.1. Types of Fruit

Other

False Aggregate Multiple  Accessory
True Berry Pepo Hesperidium Berry Fruit Fruit Fruit
Black currant Pumpkin ~ Orange Banana Blackberry Pineapple Apple
Red currant  Cucumber Lemon Cranberry Raspberry Fig Peach
Gooseberry ~ Melon Lime Blueberry Boysenberry Mulberry  Cherry
Pomegranate Grapefruit Hedge apple Strawberry
Avocado
Kiwifruit
Grape

fruits. In some fruits such as lychee and longan, the edible portion is actually an aril.
From the botanical point, fruits can be classified into simple fruits, aggregate fruits,
and multiple fruits on the basis of anatomical attributes.

Simple Fruits

Simple fruits are formed from a single ovary and may contain one to many seeds,
which have developed as part of the fruit. Simple fruits can be divided into two
groups: fleshy pericarp—berries, drupes, and pomes; and dry pericarp—nuts. Types
of fleshy and simple fruits are berry (red currant, gooseberry, and avocado), stone
fruit or drupe (plum, cherry, peach, apricot, olive), false berry—epigynous accessory
fruits such as banana and cranberry, and pome—accessory fruits such as apple
and pear. In contrast to fleshy and simple fruits, in nuts, it is the stony layer that
surrounds the kernel of pecans and is removed when eating.

Aggregate Fruit

Aggregate fruits are formed from a single compound flower and contain many
ovaries. Examples include strawberries, raspberries, and blackberries. An aggregate
fruit or etaerio develops from a flower with numerous simple pistils. An example is
the raspberry, whose simple fruits are termed as drupelets because each is like a
small drupe attached to the receptacle. In some bramble fruits (such as blackberry),
the receptacle is elongated and part of the ripe fruit, which makes the blackberry
an aggregate-accessory fruit. The strawberry is also an aggregate fruit, in which the
seeds are contained in achenes.

Multiple Fruit

Multiple fruits, such as pineapple, fig, and mulberry, are formed from the fused
ovaries of many separate but closely clustered flowers. There are also many dry
multiple fruits, for example, tulip tree (multiple of samaras), sweet gum (multiple
of capsules), sycamore and teasel (multiple of achenes), and magnolia (multiple of
follicles).

As described above, fruits can be summarized into eight types: (1) berry—simple
fruit and seeds developed from a single ovary, (2) pepo—berries where the skin is



FRUITS AND FRUIT FLAVOR 5

hardened, (3) hesperidium—berries with a rind, (4) false berries—epigynous fruit
made from a part of the plant other than a single ovary, (5) compound fruit—from
several ovaries in either a single flower or multiple flowers, (6) aggregate fruit—
multiple fruits with seeds from different ovaries of a single flower, (7) multiple
fruit—fruits of separate flowers packed closely together, and (8) other accessory
fruit—where the edible part is not generated by the ovary. Another common way
to classify fruits is based on growing regions such as temperate zone fruits, sub-
tropical fruits, and tropical fruits (Kader 2002).

SPECIES, VARIETIES, AND BIOLOGICAL CHARACTERISTIC OF
MAJOR FRUITS

The major fruits, such as apple, pear, grape, strawberry, citrus, banana, and mango,
currently contribute the most of the total world production. About two-thirds of the
major fruits produced worldwide are consumed as fresh fruit.

As discussed above, fruits are classified mainly on the basis of the ovary charac-
teristic. In biology, fruit species can be classified by their botanical origin. In this
following section, species, varieties, biological characteristic, and production of
major fruits are briefly reviewed.

Apple

The genus Malus belongs to the Rosaceae family and forms with its closely related
fruit (Pyrus and Cydonia) and ornamental (Amelanchier, Aronia, Chaenomweles,
Cotoneaster, Crateagus, Pyracantha, Sorbus) genera, the subfamily Maloideae.
Nowadays, Malus x domestica Borkh has been widely applied for apples.

World apple production reached 66 million tons in 2007 (Euromonitor 2008).
Apple production is dominated by cultivars, such as “Delicious,” “Gold Delicious,”
“Mclntosh,” “Jonathan,” “Cox’s Orange Pippin,” “Granny Smith,” and “Braeburn.”
In Asia, these varieties often replace the local varieties selected from the native
species Malus prunifolia and its cultivated species Malus asiatica. China’s enormous
growth in apple production is entirely due to the introduction of the “Fuji”
cultivar.

Banana

Banana belongs to the genus Musa in the family Musaceae, order Zingiberales. The
family Musaceae comprises two genera viz., Musa and Ensete. The genus Musa
comprises all the edible bananas and plantains with over 50 species. Bananas are
perennial monocotyledonous herbs that grow well in humid tropical and subtropical
regions. The origin of banana is traced back to Southeast Asia in the jungles of
Malaysia, Indonesia, or the Philippines. Banana originated from two wild diploid
species namely, Musa acuminate Coll and Musa balbisiana Coll. M. acuminate is
native of the Malay Peninsula and adjacent regions, while M. balbisiana is found in
India eastward to the tropical Pacific.

Bananas are the fourth world’s most important food crop after rice, wheat, and
maize, with production of 73 million tons in 2007 (Euromonitor 2008). The majority
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of the banana crops are grown in the tropical and subtropical zones. From a
consumer perspective, bananas are nutritious with a pleasant flavor and widely
consumed throughout the world. India is the world’s leading producer of banana
and plantain, followed by Brazil and China.

Grape

The Vitis vinifera L. grape is one of the oldest cultivated plants and is thought
to have originated in the region between the Mediterranean and the Caspian
Sea. Cultivars of the vine slowly spread eastward across southern Asia and
westward around the Mediterranean Sea. The Germplasm Resources Information
Network (http://www.ars-grin.gov) of the United States Department of Agriculture
describes the genera and 43 species, 5 natural hybrids, and 15 varieties of species
in Vitis. V. vinifera is the most successfully used grape species with thousands
of wine, table, and raisin grape cultivars grown throughout the world’s temperate
zones.

Grapes are now grown in more than 90 countries of the world and become the
world’s largest fruit crop with a total production of 69 million tons (Euromonitor
2008).The countries with the greatest acreage are Spain, France, Italy, Turkey, China,
and the United States. The leading countries for the production of table grapes
consumed as fresh fruit are China, Turkey, Italy, Chile, and the United States.

Citrus Fruit

Citrus, belonging to the family Rutaceae, is one of the world’s most important fruit.
Citrus can be eaten as a fresh fruit, processed into juice, or added to dishes and
beverages. The major types of edible citrus include citron (Citrus medica L.); pomelo
or shaddock (Citrus grandis); tangerine, mandarin, or satsuma (Citrus reticulata
Blanco); limes (Citrus aurantifolia L.); sour orange (Citrus aurantium L.); sweet
oranges (Citrus sinensis [L.] Osbeck);lemon (Citrus limon L.); and grapefruit (Citrus
paradisi Macfad.). Brazil, the United States, and China are the three largest citrus
producers in the world.

Strawberry

Strawberry belongs to the genus Fragaria. The genus is comprised of 32 species.
Historically, several Fragaria species and novel hybrids have been brought into
cultivation in different parts of the world, including Fragaria chiloensis in South
America,and Fragaria moschata and Fragaria vesca in Europe. However, strawberry
(Fragaria x ananassa Duch) is one of the most widely grown small fruits in the world.
The large modern fruit of today was developed in the early 18th century by the
cross between the wild strawberry F chiloensis and Fragaria virginiana.

Globally, a large part of the cultivated area is located in Europe, followed by Asia
and North and Central America. In 2004, a total production of strawberry reached
to 2.4 million tons in the world. The United States is the world’s leading strawberry
producer with China, Spain, and Korea. Some countries like Turkey, Morocco, and
Egypt have strongly increased their production.
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Peach

Peach belongs to the Prunoideae subfamily of the family Rosaceae. In temperate
regions, the family ranks third place in economic importance. The genus Prunus is
characterized by species that produce drupes known as “stone fruit.” The edible
portion of the fruit is a juicy mesocarp. There are three major groups of cultivars:
nectarines, freestone peaches, and clingstone peaches. All commercial varieties of
peach are Prunus persica (L.) Batsch, including nectarines differing from peach in
the absence of pubescence (“fuzzless”) on the fruit surface. Peaches originated in
China, with a cultivation history of over 4000 years. Peach is grown in all continents
except Antarctica, and world peach production has increased steadily in recent year.

Pear

Pear species belong to the genus Pyrus, the subfamily Maloideae (Pomoideae)
in the family Rosaceae. There are about 22 primary species in the genus, all of
which originate in either Asia or Europe. The pear has been cultivated in China for
at least 3000 years. There are two major species, European pear (Pyrus communis
L.) and Asian pear (Pyrus pyrifolia L.), which are commercially cultivated. The
first species to be domesticated was P. pyrifolia (Burm.) Nakai because the wild
type is edible but without selection. Later, the hardy northern Chinese type Pyrus
ussuriensis Maxim probably became cultivated after selection from the wild type.
Natural hybridization between these two wild species likely occurred in China to
produce the modern “Ussuri” cultivars in northern China. In other parts of the
world, cultivated pears have been derived from P. communis L., while P. communis
var. pyraster and/or P. communis var. caucasica were probably the ancestors of
the common pear of Europe, but “French” cultivars may be complex hybrids of
these two.

Pear is the third important temperate fruit after grape and apple. Asia produces
the most, followed by Europe, North and Central America, and South America.
Among countries, China produced the most, followed by the United States, Italy,
and Spain. Pears can be consumed as fresh fruit, fruit juice, cube for fruit salad,
canned product, and dry fruit. About 80% of the total pear production is destined
for fresh consumption.

Mango

The genus Mangifera, belonging to the dicotyledonous family “Anacardiaceae,”
originates in the Indo-Burma region. Almost all the edible cultivars of mango are
the single species Mangifera indica L., which originated in the Indian subcontinent.
The few other species that contribute edible fruits are Mangifera caesia, Mangifera
foetida, and Mangifera odorata, which are confined to the Malaysian region.

Mango is a very important tropical fruit and popularly known as the “apple
of the tropics.” Mango is commercially grown in over 103 countries of the world.
The major growing countries in the world are India, China, Mexico, Pakistan,
Indonesia, Thailand, the Philippines, Brazil, Australia, Nigeria, and Egypt (http:/
faostat.fao.org). There are more than 1000 varieties of mango under cultivation, but
only a few of them are grown on a commercial scale.
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Papaya

Papaya (Carica papaya L.) belongs to family Caricaceae, which consists of six genera
including Carica a monotypic genus, Jacaratia (7 species), Jarilla (3 species),
Cylicomorpha (2 species), Horovitzia (1 species), and Vasconcellea (21 species).
Carica is the only genus of Caricaceae containing the domesticated species papaya,
which is by far the most economically important and has a wide distribution through-
out the tropics and subtropics of the world. Papaya probably originated in the
lowland of Central America between southern Mexico and Nicaragua, and is now
cultivated in many tropical and subtropical regions.

Papaya is a major tropical fruit grown commercially in India, Brazil, Mexico,
Australia, Hawaii, Thailand, South Africa, the Philippines, Indonesia, and China. In
recent years, intensive improvements and selections have given rise to a large
number of papaya varieties, such as “Kapoho Solo,” “Sun Rise,” “Sun Set,”
“Waimanalo,” “Kamiya” (United States), “Pusa Delicious,” “Pusa Nanha,” “Pusa
Dwarft,” “Surya” (India), “Cavite Special” (the Philippines), “Sainampueng,” “Kak
Dum” (Thailand), and improved “Peterson,” “Guinea” and “Gold and Sunnybank”
(Australia).

Pineapple

Pineapple is a perennial monocot belonging to the family of Bromeliaceae, subfam-
ily Bromelioideae. The Bromelioideae comprises 56 genera with more than 2000
species, which are classified into three subfamilies: Pitcarnioideae, Tillandsioideae,
and Bromelioideae. This last subfamily shows a tendency toward the fusion of floral
parts, a trait most developed in Ananas. Many distinctions, particularly those related
to fruit size and fertility, appear to be the direct result of human selection in the
course of domestication.

Pineapple is the third most important tropical fruit after bananas and mangoes
and has been cultivated in South America since the 15th century. Owing to its attrac-
tive sweet flavor, pineapple is widely consumed as fresh fruit, processed juice, and
canned fruit, and is used as an ingredient in exotic foods. Five countries, Thailand,
the Philippines, Brazil, China, and India, contribute to the major production in
the world.

Plum

Plums belong to subfamily Prunoideae of the family of Rosaceae. Prunus species
are divided into three major subgenera: Prunophora (plum and apricots), Amygdalus
(peaches and almonds), and Cerasus (sweet and sour cherries). The subgenus
Prunophora is divided into two main sections: Euprunus groups (plum species) and
Armeniaca, which contains the apricot species. Plum has been domesticated inde-
pendently in Europe, Asia, and America. In Europe, Prunus domestica L. is the most
important source of fruit cultivars and has been grown for over 2000 years. In Asia,
the Japanese plum Prunus salicina L. originates from China where it has been cul-
tivated since ancient times. In north America, the third plum domestication source,
a wide range of native species, such as Prunus americana Marsh., Prunus hortulana
Bailey, Prunus angustifolia Marsh., and Prunus maritima Marsh., are present. The
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major production of plum is located in Europe and Asia. In Europe, Germany is
the leading producer.

FRUIT FLAVOR

The consumption of fresh fruit is dependent on the fruit quality (Baldwin et al. 2007
Lopez et al. 2007). The quality of fresh fruit includes many aspects such as appear-
ance, color, texture, flavor, and nutritional value (Kader 2002; Song 2007). Among
them, flavor is one of the most important quality traits for fresh fruit (Dirinck et al.
1989; Dull and Hulme 1971; Maarse 1991; Reineccius 2006). Fruit flavor is made up
of sugars, acids, salts, bitter compounds such as alkaloids or flavonoids, and aroma
volatiles (Dirinck et al. 1989; Salunkhe and Do 1976; Song and Forney 2008). The
flavor of fresh fruit is determined by taste and aroma (odor-active compounds). The
contribution of odor-active compounds to the fruit flavors has gained increasing
attention because these compounds are important for the characteristic flavors of
fruits (Baldwin 1993, 2002b; Briickner 2008). The present chapter refers specifically
the term “flavor” to the volatile compounds. Volatile compounds in fruits are diverse,
consisting of hundreds of different chemical compounds comprising only 107-10~*
of the fresh fruit weight (Berger 2007; Briickner 2008). Although these volatile
compounds are produced in trace amounts, they can be detected by human
olfaction. The diversity is partially responsible for the unique flavors found in
different fruit species. The importance of volatile production in fruit related to its
influencing factors has been intensively investigated and/or reviewed (Baldwin 2002;
Dixon and Hewett 2000; Fellman et al. 2000; Forney et al. 2000; Song 2007; Song
and Forney 2008).

Classification of Volatile Compounds in Fruit Flavor

Chemical Structure Various types of fresh fruits produce distinct volatile profiles.
Volatile compounds, which are produced by fresh fruits, are mainly comprised of
diverse classes of chemicals, including esters, alcohols, aldehydes, ketones, lactones,
and terpenoids (Table 1.2). However, some sulfur compounds, such as S-methyl
thiobutanoate, 3-(methylthio) propanal, ethyl 2-(methylthio) acetate, ethyl
3-(methylthio) propanoate, and 3-(methylthio) propyl acetate, also contribute to the
flavor of fruit such as melons (Song and Forney 2008). Although an overwhelming
number of chemical compounds have been identified as volatile compounds in fresh
fruit, only a fraction of these compounds have been identified as impact compounds
of fruit flavor based on their quantitative abundance and olfactory thresholds
(Cunningham and Barry 1986; Schieberle et al. 1990; Wyllie et al. 1995).

Biogenesis Volatile compounds forming the fruit flavor are produced through
many metabolic pathways during fruit ripening and postharvest storage, and depend
on many factors related to the species, variety, climate, production, maturity, and
pre- and postharvest handling. For most fruits, volatile production is closely related
to fruit ripening. As direct products of a metabolic pathway or as a result of inte-
ractions between pathways or end products, volatile compounds can be classified
by the biogenesis: fatty acids (FAs), amino acids, glucosinolates, terpenoid,
phenol, and related compounds (Berger 2007). However, from the point of chemical



(1]

TABLE 1.2. Volatile Compounds Present in Fruit Flavor

Esters Alcohols Aldehydes Ketones Lactones Terpenoids
Butyl acetate Benzyl alcohol Acetaldehyde 2,3-Butanedione y-Butyrolactone B-Caryophyllene
Butyl butanoate Butan-1-ol Benzaldehyde B-Damsenone v-Decalactone 1,8-Cineole
eucalyptol
Butyl hexanoate (E)-cinnamyl (E)- Eugenol d-Decalactone Citral
alcohol cinnamaldehyde
Butyl-2-methyl butanoate 1-Hexanol (E,E)-2,4- 2-Heptanone v-Dodecalactone B-Damascenone
decadienal
Butyl propanoate (E)-2-hexenol Hexanal 4-(p-Hydroxyphenyl)- d-Dodecalactone Dihydroedulan

Ethyl acetate

Ethyl butanoate
Ethyl 9-decenoate
Ethyl hexanoate

Ethyl 2-methylbutanoate
Ethyl 3-methylbutanoate

Ethyl 2-methylpropanoate
Ethyl 2-methylbutanoate

Ethyl propanoate

Ethyl 2-methylpropanoate
Ethyl nonanoate
(E)-2-hexenyl acetate

(Z)-3-hexenol

1-Octanol
(Z)-6-nonenol
Hexan-1-ol

(2,7)-3,6-
nonadienol

1-Phenylethanol

2-Phenylethanol

(E)-2-hexenal

(Z)-3-hexenal
(Z)-3-hexenal
Nonanal

(Z)-6-nonenal

(E,Z)-2,6-
nonadienal

(E)-2-nonenal

Phenylacetaldehyde

2-butanone
3-Hydroxy-2-
butanone
B-Ionone
Linalool
6-Methyl-5-heptene-
2-one
Nerolidol

1-Octen-3-one

2-Pentanone

(Z)-1,5-octadien-3-
one

Terpenes

v-Jasmolactone

v-Octalactone
6-Octalactone

Farnesyl acetate

Geraniol
Hotrienol
o-lonone

B-Ionone
Limonene

Linalool
Myrtenol

Nerol
o-Phellandrene
o-Pinene
B-Pinene



L

(E)-3-hexenyl acetate Terpinen-4-ol

Hexyl acetate o-Terpineol
Hexyl butanoate Terpinolene
Hexyl propanoate o-Farensene

Hexyl-2-methyl butanoate
Methyl acetate
Methyl cinnamate
Methyl butanoate
Methyl hexanoate
Methyl nonanoate
Methyl octanoate
Methyl-2-
methylbutanoate
Methyl-3-
methylbutanoate
2-Methylbutyl acetate
3-Methylbutyl acetate
2-Methylpropyl acetate
(Z)-6-nonenyl acetate
(Z,7)-3,6-nonadienyl
acetate
Pentyl acetate
Benzyl acetate
Propyl acetate
Propyl-2-methyl
butanoate
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characterization, volatiles can be classified as esters, alcohols, aldehydes, ketones,
lactones, and terpenoids (Table 1.2).

Volatile Compounds Formed from FAs FAs are precursors for a large number
of volatile compounds. Many of them are important character-impacted aroma
compounds that are responsible for fresh fruit flavors. Those compounds are usually
having straight-chain carbons ranged from C; to C,. Degradation of FAs occurs
mainly by the three different oxidative routes: (1) o~ and B-oxidation, (2) oxidation
by the lipoxygenase pathway, and (3) autoxidation. The formation of flavors via -
oxidation is exemplified by considering flavor formation in pears (Jennings 1967).
The widest variety of flavor compounds formed from lipids arises via lipoxygenase
activity. Many of the aliphatic esters, alcohols, acids, and carbonyls found in fruits
are derived from the oxidative degradation of linoleic and linolenic acids (Reineccius
2006). In addition, some of the volatile compounds derived from enzyme-catalyzed
oxidative breakdown of unsaturated FAs may also be produced by autoxidation
(Chan 1987). Autoxidation of linoleic acid produces the 9- and 13-hydroperoxides,
whereas linolenic acid also produces 12- and 16-hydroperoxides (Berger 2007).
Hexanal and 2,4-decadienal are the primary oxidation products of linoleic acid,
while autoxidation of linolenic acid produces 2,4-heptadienal as the major product.
Further autoxidation of these aldehydes leads to the formation of other volatile
products (Chan 1987). As an alternative to the membrane catabolism, a hypothesis
of low rate of de novo FA biosynthesis (free FA hypothesis) was proposed as the
limiting factor for the aroma biosynthesis in fruit harvested too early (Song and
Bangerth 2003). This hypothesis is also supported by the evidence that a close rela-
tionship between low aroma volatile production, low free FA, and low ATP content
in apple fruit (Song and Bangerth 2003; Tan and Bangerth 2001). Either oxidative
degradation of FAs or newly biosynthesized free FAs are precursors responsible for
the formation of straight-chain esters in many fruits, but their role in flavor forma-
tion needs to be clarified.

Volatile Compounds Formed from Amino Acid Metabolism Amino acid
metabolism generates aromatic, aliphatic, and branched-chain alcohols, acids, car-
bonyls, and esters that are important to fruit flavor (Reineccius 2006). Some volatile
compounds can be produced by the action of enzymatic systems on amino acids.
The major types of volatile compounds formed from the interaction of amino acids
and sugars include aldehydes, alkyl pyrazines, alkyl thiazolines and thiazoles, and
other heterocycles from the Strecker degradation (Maarse 1991). Amino acids are
precursors for some branched aliphatic compounds such as 2-methyl-1-butanol and
3-methyl-1-butanol that are formed during the amino acid catabolism. These com-
pounds can be further synthesized to form esters, which are important volatile
compounds in many fruits with distinct “fruity” odor. As they share the same precur-
sor pyruvate, which is generated from glycolysis, the interaction between FAs and
branched amino acids is another important factor in the volatile biosynthesis of
fruits. As apple fruits ripen, there is a great production of volatile compounds from
branched amino acid pathway (Song 1994).

Volatile Compounds Formed from Carbohydrate Metabolism A large variety
of volatile flavors can be traced to carbohydrate metabolism (Berger 2007). As the
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photosynthetic pathways involve turning CO, into sugars that are metabolized into
other plant needs, for example, lipids and amino acids, nearly all plant flavors come
indirectly from carbohydrate metabolism. However, there are few flavor constitu-
ents that come directly from carbohydrate metabolism (Reineccius 2006).

Volatile Compounds Derived from Terpenoid Terpenoids are widely distrib-
uted among fruits. There are two main types of terpenoids that may contribute
significantly to the fruit flavor: (1) monoterpenes and sesquiterpenes and (2) irregu-
lar terpenes mainly produced by catabolistic pathways and/or autoxidation (Berger
2007). The monoterpenes and sesquiterpenes are mainly formed by anabolic pro-
cesses and, therefore, are present in intact plant tissue. However, the formation of
some irregular terpenes cannot be explained by anabolic pathways in some fruits.
These terpenoids are primarily oxidation-degraded products of the carotenoids.

Phenols and Related Compounds A large number of volatile phenols and
related compounds occur in fruits, some of which are potent aroma compounds
(Berger 2007). The majority of volatile phenols and related compounds are formed
mainly through the shikimic acid pathway and are present either as free aglycones
or bound glycosides that can be liberated by enzymatic hydrolysis. Generally, the
volatile phenols and related compounds are benzene-substituted derivatives with
methoxy and phenolic groups, often with an allyl, a vinyl, or an aldehyde group.
Common flavor compounds of this group are eugenol, vanillin, myristicin, apiole,
elemicin, and benzaldehyde.

VOLATILE COMPOUNDS AND THEIR BIOLOGICAL CHARACTERISTIC OF
MAJOR FRUITS

As described above, lipids, carbohydrates, proteins, and amino acids are enzymati-
cally converted to volatile compounds. The characterization of fruit volatiles can be
very complicated due to various influencing factors such as cultivars, fruit maturity,
postharvest treatment, fruit sample (either intact fruit, slices, or homogenized
samples), and analytic techniques (Berger 2007; Briickner 2008; Cunningham and
Barry 1986). Volatiles can be classified as “primary” or “secondary” compounds,
indicating whether they were present in intact fruit tissue or produced as a result
of tissue disruption (Drawert et al. 1969). It should be pointed out that analysis
of volatiles from either intact or disrupted fruit tissues will influence the aroma
profiles and final aroma interpretation. This following section reviews overall flavor
characterization of volatile compounds reported for some major fruits published
in the past few years. The listed volatile compounds are those that are produced
by fruit at a full ripe or close to consumption stage and summarized from different
methodologies. In the following section, volatile compounds of major fruits are
summarized in Table 1.3.

Apple

More than 300 volatile compounds have been identified in apple fruit (Dirinck
et al. 1989). Only a few of these volatiles have been identified as important active
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TABLE 1.3. Volatile Compounds of Major Fruits

Fruit Name

Volatile Compounds

Reference

Apple

Banana

Citrus fruit

Strawberry

Alcohols, aldehydes, 1-butyl acetate, butyl

2-methylbutanoate, B-damascenone,
ethyl butanoate, ethyl butanoate, ethyl
2-methylbutanoate, ethyl 2-methylbutyl
acetate, n-hexanal, 1-hexanol, hexen-1-
ol, hexyl acetate, hexyl butanoate,
hexyl 2-methylbutanoate, hexyl
propanoate, ketone, 2-methylbutanoate,
methyl 2-methylbutanoate, propyl
2-methylbutanoate, pentyl acetate,
1-propyl propionate, trans-2-hexenal,
and trans-2-hexen-1-ol

Alcohols, amyl butanaote, butyl butanaote,

esters, and isoamyl acetate

Acetaldehyde, acetoin, carvone, -

damascenone, (E,E)-2,4-decadienal,
decanal, diacetyl, dodecanal, elinalool,
ethanol, ethyl acetate, ethyl butanoate,
ethyl propanoate, ethyl-2-methyl
propanoate, ethyl-2-methyl butanoate,
ethyl hexanoate, ethyl-3-hydroxy
hexanoate, ethyl octanoate, ethyl
decanoate, geranial citronellal, hexanal,
(E)-2-hexenaln, (E)-2-hexen-1-ol,
(Z)-3-hexenal, (Z)-3-hexen-1-ol,
limonene, methyl butanoate, 3-methyl
butanol, neral, nonanal, (F)-2-nonenal,
(Z)-2-nonenal, 1-penten-3-one,
1-octanol, octanal, 1-octen-3-one,
B-sinensal, o-terpincol, and terpinen-4-ol

Butyrates, butyl acetate, 2,5-dimethyl-4-

hydroxy-3(2H)-furanone, dimethyl-4-
methoxy-3(2H)-furanone, y-decalactone,
v-dodecalactone, ethyl butanoate, ethyl
cinnamates, ethyl hexanoate, ethyl
3-methylbutanoate, ethyl propanoate,
farnesyl acetate, furaneol, furaneol-f-
glucoside, geraniol, 2-heptanone,
hexanal, (E)-2-hexenal, hexyl acetate,
linalool, methyl cinnamates, methyl and
ethyl acetates, methyl anthranilate,
methyl butanoate, methyl
2-methylbutanoate, methyl hexanoate,
mesifurane, methional, propionates, and
1-octen-3-one

Dixon and Hewett (2000),
Flath and others (1969),
Cunningham (1985)

Jayanty and others (2002),
Maciel and others (1986)

Berger (2007), Berry and
others (1983)

Forney and others (2000),
Hakala and others (2002),
Sanz and others (1994),
Whitaker and Evans (1987)
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TABLE 1.3. Continued

Fruit Name Volatile Compounds Reference

Peach Benzaldehyde, benzyl alcohol, y- Aubert and Milhet (2007),
caprolactone, cis-3-hexenyl acetate, Berger (2007), Horvat and
B-damascenone, y-decalactone, (E,E)- others (1992), Narain and
2,4-decadienal, 6-decalactone, y- others (1990), Visai and
decalactone, dimethyl disulfide, Vanoli (1997)

v-dodecalactone, 8-dodecalactone, ethyl
acetate, ethyl butanoate, ethyl octanoate,
v-decalactone, hexanal, (Z)-3-hexen-1-yl
acetate, (E)-2-hexen-1-ol, (Z)-3-hexenal,
v-jasmolactone, linalool, methyl
octanoate, y-octalactone, §-octalactone,
6-pentyl o-pyrone, and terpinolene

Pear Butyl acetate, butyl butanoate, hexyl Argenta and others (2003),
acetate, ethyl hexanoate, ethyl Kahle and others (2005),
octanoate, ethyl (E)-2-octenoate, ethyl Rapparini and Predieri
(E,Z)-2,4-decadienoate, methyl (E,Z)- (2003), Rizzolo and others
2,4-decadienoate, and pentyl acetate (1991)

Grape Methyl anthranilate Rosilllo and others (1999),

Whitaker and Evans (1987)

Mango Camphene, butan-1-o0l, car-3-ene, MacLeod and Snyder (1985),
B-caryophyllene, p-cymene, cis- Macleod and Troconis
hex-3-en-1-ol, o-copanene, (1982), Malundo and
cyclohexane, dimethylcyclohexane, others (2001), Pino and
1,1-diethoxyethane, ethanol, Mesa (2006)

ethylcyclohexane, ethyl butenoate, ethyl
dodecanoate, ehtyl decanoate, ethyl
octanoate, o-fenchene, 2-furfural,
hexanal, o-humulene, hydrocarbon,
limonene, 1-methylpropan-1-ol,
methylcyclohexane, 3-methylbutan-1-ol,
myrcene, o-phellandrene, B-
phellandrene, a-pinene, B-pinene,
sabinene, sabinyl acetate, toluene,
Y-terpinene, o-terpinolene, and xylene

Papaya Linalool, ethyl acetate, phenylacetonitrile, Almora and others (2004),
benzyl isothiocynate, methyl butanoate, Flath and others (1990),
ethyl butanoate, 3-methylbutanol, Heidlas and others (1984),
benzyl alcohol, o-terpineol, and butanol Pino and others (2003)

Pineapple Acetoxyacetone, p-allyl phenol, y- Berger and others (1983,
butyrolactone, B-hydroxyhexanoic acids, 1985), Takeoka and others
4-methoxy-2,5-dimethyl-2(H)-furan-3- (1991), Tokitomo and
one, methyl esters of B-hydroxybutyric, others (2005)

y-octalactone, 2-propenyl hexanoate,
sesquiterpene, 1-(E,Z)-3,5-undecatriene,
and 1-(E,Z,7Z)3,5,8-undecatetraene
Plum Benzaldehyde, (E,E)-2,4-decadienal, Maarse (1991), Horvat (1992)
d-decalactone, y-decalactone, ethyl
nonanoate, (Z)-3-hexenal, linalool,
methyl cinnamate, and §-octalactone
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odor compounds being responsible for the characteristic aroma in most apple
cultivars, such as B-damascenone, butyl, isoamyl, and hexyl hexanoate, along with
ethyl, propyl, and hexyl butanoates (Cunningham 1985). The most abundant volatile
components are esters, alcohols, aldehydes, ketones, and ethers, while esters are the
principal compounds responsible for fruity odor (Fellman et al. 2000; Plotto et al.
2000). For example, ethyl 2-methylbutanoate, 2-methylbutyl acetate, and hexyl
acetate contribute mostly to the characteristic aroma of “Fuji” apples, while ethyl
butanoate and ethyl 2-methylbutanoate are the active odor compounds in “Elstar”
apples, and ethyl butanoate, acetaldehyde, 2-methyl-1-butanol, and ethyl methylpro-
panoate in “Cox Orange” (Acree et al. 1984; Berger 2007; Echeverria et al. 2004).
Ethyl 2-methylbutanoate also has a direct impact on “Granny Smith” apple flavor
(Lavilla et al. 1999).

Banana

The major volatile compounds in banana fruit are identified as alcohols and esters,
including amyl acetate, isoamyl acetate, butyl butyrate, and amyl butyrate. Esters
predominate in the volatile fraction of banana fruit. Based on the combined analytic
chemistry with sensory analysis, penten-2-one, 3-methylbutyl, and 2-methylpropyl
esters of acetate and butyrate have been identified as the most important banana
fruit aroma (Berger et al. 1986). Isopentyl acetate and isobutyl acetate are also
known as the most important impact compounds of banana aroma. The concentra-
tions of acetates and butanoates increased during ripening of banana fruit (Jayanty
et al. 2002). In addition, isoamyl alcohol, isoamyl acetate, butyl acetate, and elemi-
cine were detected by olfactometric analyses as characteristics of banana odor
(Boudhrioua et al. 2003).

Citrus

Citrus volatiles have been extensively examined over the past several decades. As
the most foods of commercial interest, the volatile components of citrus juice have
been known for some time. Table 1.2 lists the volatile compounds present in citrus
juice, which were detected by gas chromatography (GC)-olfactometry. Esters are
important as they are responsible for the flavor characteristic (Berger 2007), while
the major esters are ethyl esters of C; to C, organic acids. Linalool is by far the most
important alcohol. However, ketones, carvone, diacetyl, and acetoin are off-flavors.
Thus, the key flavor compounds in fresh citrus fruit still need to be identified.

Strawberry

Over 360 different volatile compounds have been identified in strawberry fruit
(Maarse 1991). Strawberry aroma is composed predominately of esters with alco-
hols, ketones, lactones, and aldehydes being present in smaller quantities (Forney
et al. 2000). Strawberries contain primarily straight esters, which comprise primarily
of methyl, and ethyl acetates, butanoates, and hexanoates. Esters provide an aroma
characteristic to the fruit (Gomes da Silav and Chavees das Neves 1999). Terpenoids
and sulfur compounds may also have a significant impact on the characteristic
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aroma of strawberry fruit (Dirinck et al. 1981). The most important aroma
compounds in strawberry fruit include ethyl cinnamates, methyl cinnamates,
2,5-dimethyl-4-hydroxy-3(2H)-furanone,furaneol,furaneol-beta-glucoside,dimethyl-
4-methoxy-3(2H)-furanone (mesifurane), methyl and ethyl acetates, propionates,
and butyrates, which are responsible for fruity flavor. A number of terpenes also
contribute to the flavor of strawberry fruit.

Peach

Approximately 100 volatile compounds have been identified in peaches, including
alcohols, aldehydes, alkanes, esters, ketones, lactones, and terpenes (Aubert et al.
2003; Visai and Vanoli 1997). The major volatile compounds are identified as ethyl
acetate, cis-3-hexenyl acetate, methyl octanoate, ethyl octanoate, y-decalactone,
benzyl alcohol, y-caprolactone, and §-decalactone. Among them, lactones, particu-
larly y-decalactone and d-decalactone, have been reported as character-impacted
compounds in peaches and are associated with C6-aldehydes, aliphatic alcohols, and
terpenes, which are responsible for fruity characteristics (Derail et al. 1999; Engel
et al. 1988; Horvat et al. 1990; Narain et al. 1990). Nectarines produce less volatiles
in total but more esters, linalol, and terpinolene and have more fruity and floral
aroma notes than peaches (Visai and Vanoli 1997).

Pear

More than 300 volatile compounds have been identified in pear, including aldehydes,
alcohols, esters, ketones, and sulfur compounds (Rapparini and Predieri 2003). The
most important character-impacted compounds of pears are listed in Table 1.3.
Methyl and hexyl esters of decadienoate are the character-impacted compounds of
the European pear (Argenta et al. 2003; Kahle et al. 2005; Rapparini and Predieri
2003). Other volatile esters, for example, hexyl acetate, 2-methylpropyl acetate, butyl
acetate, butyl butanoate, pentyl acetate, and ethyl hexanoate possess strong pear-
like aroma (Rapparini and Predieri 2003). Ethyl octanoate and ethyl (£)-2-octenoate
contribute to sweet or fruity odors in pears, while a high concentration of 2,4-
decadienoates in fruit flesh is accepted by consumers (Rizzolo et al. 1991). In addi-
tion, hexanal, 2-methylpropyl acetate, ethyl acetate, hexyl acetate, 3-methylbutyl
2-methylbutanoate, ethyl butanoate, and butanol are identified as impact volatiles
in “Conference” pears (Rizzolo et al. 2005).

Grape

The flavor of grapes is made up of volatile alcohols, aldehydes, esters, acids, terpe-
nols, and carbonyl compounds. Grape may be divided into aromatic and non-
aromatic varieties. Free terpenols, for example, linalool and geraniol, have been
identified as major aroma compounds in both red and white grapes (Rosilllo et al.
1999). Octanoic acid and alcohols, particularly 2-phenylethanol, are recognized
after crushing (Rosilllo et al. 1999). In addition, esters and aldehydes were also
reported in “Aleatico” grapes (Bellincontro et al. 2009). Fruit flavor is highly
correlated with consumer likings in table grapes.



18 HANDBOOK OF FRUIT AND VEGETABLE FLAVORS

Mango

Mango possesses a very attractive flavor characteristic. About 270 volatile com-
pounds from mango fruit were identified. However, application of distillation
extraction in combination with active odor value (aroma threshold) technologies
exhibits that monoterpenes such as o-pinene, myrecene, o-phelladrene, 6-3-carene,
p-cymene, limone and terpinolene, esters including ethyl-2-methylpropanaote,
ethyle-butanoate, as well as (E,Z)-2,6-nonadienal, (E)-2-nonenal, methyl benzoate,
(E)-B-ionone, decanal, and 2,5,-dimethyl-4-methoxy-3(2H)-furanone are the most
important compounds contributing to mango flavor (Pino and Mesa 2006). The
acids, esters, and lactones found were considered to be produced by the lipid metab-
olism in the flavor development of mango fruit during ripening.

Papaya

Papaya possesses a characteristic aroma, which is due to several volatile components
such as alcohols, esters, aldehydes, and sulfur compounds (Chan et al. 1973). Fifty-
one volatile compounds from intact “Hawaiian” papaya at different ripening stages
were detected. Linalool, followed by linalool oxide A, linalool oxide B, ethyl acetate,
phenylacetonitrile, and benzyl isothiocynate, was the major compound in the fully
ripe fruits (Flath et al. 1990). Other work indicated the esters as the predominant
compounds among the volatiles of papayas from Sri Lanka and Colombia (Heidlas
et al. 1984; Macleod and Pieris 1984). In addition, methyl butanoate, ethyl butanoate,
3-methylbutanol, benzyl alcohol, a-terpineol, and butanol are found to be important
volatiles in papaya fruit (Almora et al. 2004; Pino et al. 2003).

Pineapple

More than 280 volatile compounds have been found in pineapple fruit (Tokitomo
et al.2005). The major volatile compounds are identified as 4-methoxy-2,5-dimethyl-
2(H)-furan-3-one, 2-propenyl hexanoate, sesquiterpene hydrocarbons, 1-(E,Z)-3,5-
undecatriene, 1-(E,Z,Z)3,5,8-undecatetraene, 2-propenyl n-hexanoate ethyl,
para-allyl phenol, y-butyrolactone, y-octalactone, acetoxyacetone, methyl esters of
B-hydroxybutyric, and B-hydroxyhexanoic acids. Monoterpene alcohols (linalool,
o-terpineol, and terpinen-4-ol) and sesquiterpenes were also identified (Berger
et al. 1985; Flath and Forry 1970). In addition, the sulfur compounds such as methyl
3-(methylthio)-(E)-2-propenoate, methyl 3-(methylthio)-(Z)-2-propenoate, ethyl
3-(methylthio)-(Z)-2-propenoate, ethyl 3-(methylthio)-(E)-2-propenoate, methyl
5-hexenoate, methyl (E)-4-hexenaote, methyl 4-(methylthio)-butanoate, nonanol,
and ethyl 4-methylthiobutanoate, were reported as impact-flavor compounds in
fresh “Hawaiian” pineapple (Takeoka et al. 1991).

Plum

Approximately 75 volatile compounds have been identified in plum juices (Maarse
1991). Lactones from Cs to Cy, are major classes of volatile compounds in plums
(Horvat 1992), but the key flavor compounds in fresh plum fruit are not yet
identified.
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CONCLUDING REMARKS

The diversity of varieties of fruit for today’s human consumption has resulted from
a long history of natural development, selection, and scientific breeding. Fruits play
important roles in human nutrition and diet. However, they are perishable due to
natural ripening, senescence, and pathological decay. Fruit quality attributes, such
as texture, appearance, flavor, and nutrition, significantly change during ripening,
but they have not been understood fully. Thus, the further development of modern
technologies of breeding, production, and postharvest handling will enable con-
sumers to enjoy fruits and their products without limitations of seasons and
geographic locations.

Fruit flavor is an important aspect of quality. Many compounds are responsible
for the fruit aromas that have strong penetration odors with low threshold values.
Advances in identifying and quantifying volatile compounds by improved analysis
techniques in various fruits have greatly increased our knowledge about fruit flavor
(Briickner 2008; Song 2007; Song and Forney 2008; Tholl et al. 2006; Tzortzakis
2007). Advances in the biogenesis of volatile compounds in fresh fruits have also
improved our current understanding; however, knowledge of the biochemical
pathways and key regulating steps of the synthesis of these volatile compounds is
still incomplete. A fuller understanding of the flavor chemistry and biology of
volatile compounds of fruits is important to improve the flavor quality of fresh fruit
that complies with the consumer needs for better quality. Furthermore, employing
state-of-the-art genomic, proteomic, and microscopy tools to study fundamental
metabolism, and combining these results with direct measurement of chemical and
sensory properties (Baldwin 2002a; Bood and Zabetakis 2002; Raab et al. 2006; Song
and Forney 2008) will lead to a better understanding of how to optimize and retain
fruit flavor quality in the market places for the benefit of both consumers and fruit
industry.
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PRIMARY AND SECONDARY METABOLISM CONNECTIONS

Metabolism in fruit involves the conversion of high-molecular-weight precursors to
smaller compounds that help to obtain viable seeds and to attract seed-dispersing
species. The flavor of fruit is generally determined from tens to hundreds of con-
stituents, most of them generated during the ripening phase of the fruit growth and
development process. Any study on the metabolic pathways leading to their synthe-
sis must be considered in the context of this developmental process. Thus, it is known
that the rapid growth phase in fruits acts as strong sinks that import massive
amounts of photoassimilates from photosynthesizing organs. The translocation
occurs in the phloem, with sucrose being the most translocated sugar, although in
some species, other predominant compounds are polyalcohols, such as mannitol or
sorbitol, and even oligosaccharides. These translocated compounds, which are the
result of the primary metabolism, are the precursors of most of the metabolites that
account for the fruit flavor, generally classified as secondary metabolites. Thus, the
synthesis of these compounds is necessarily supported by the supply of the primary
photoassimilates.

Flavor perception is often described as a combination of taste and smell. Some
of these primary metabolites can be essential components of taste since they might
be, depending on the species, main components of the harvested fruits, being rec-
ognized by sweet taste receptors. Accordingly, the first part of this chapter is focused
on primary metabolism, as a source of tasteful compounds and as a support for the
synthesis of secondary metabolites.

The sugar, or sugar alcohol, delivered to the fruit is converted to starch (mango,
banana, kiwifruit), stored as reducing sugar (tomato, strawberry), or stored as
sucrose (wild tomato, water melon, grape), and even might be converted to lipids
(olive) (Fig. 2.1). The variability in the content of sucrose and hexoses is the result
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Figure 2.1. Schematic representation of the reactions involved in the synthesis and degrada-
tion of starch (A) in the chloroplast and sucrose (B) in the cytosol.

of the activities of the enzymes responsible for its degradation and synthesis, being
invertase and sucrose synthase the most studied. In tomato, the involvement of
apoplastic invertase in the sucrose/hexoses balance has been thoroughly studied,
taking advantage of the fact that the wild species accumulates sucrose but the cul-
tivated species accumulates hexoses (Klann et al. 1996). This allowed performing
genetic and biochemical studies that provided evidence that the kinetic properties
of the invertase from the domesticated cultivars accounted for the hexose accumula-
tion in the fruits of these species (Fridman et al. 2004). In contrast, there is little
evidence of a role of sucrose synthase in fruit metabolism (Carrari and Fernie 2006).
Apoplastic invertase has been studied in the fruits of species other than tomato, like
strawberry, not only by its critical role in determining the sucrose/hexoses ratio but
also because this ratio determines the sink strength of the fruit and, indirectly, fruit
size. In this fruit, the levels of sucrose and hexoses (glucose and fructose) increased
during fruit ripening, and other sugars like xylose and galactose, and the polyol
inositol decreased (Bood and Zabetakis 2002).

In addition to starch and sucrose, other intermediate metabolites are important
as flavor components, either by themselves or as precursors of other secondary
metabolites. Their content is dependent on the activity of main metabolic pathways
like glycolysis, tricarboxylic acid cycle (TCA), and respiration. Most detailed studies
have been performed in tomato and strawberry fruits. In this fruit, the main organic
acids are the TCA intermediates citrate and malate, jointly with quinate, with other
TCA intermediates like oxalate, succinate, isocitrate, fumarate, and aconitate being
in lower amounts. In tomato fruits, the changes in primary metabolites have been
more thoroughly studied. The study has been facilitated by the availability of high
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throughput techniques allowing the analysis of tens/hundreds of metabolites at a
single step. Thus, after analyzing more than 70 metabolites in this metabolomic
approach (Roessner-Tunali et al. 2003), a large increase in hexoses as glucose and
fructose was reported, whereas most of the TCA intermediates decreased in the
red fruits as well as sucrose, hexose phosphates, and most of the sugar alcohols.
In addition, an increase in the aromatic amino acids, as well as in aspartate, lysine,
methionine, and cysteine, was also reported. This is especially important since some
of them are precursors of flavor compounds. In general, studies on tomato fruit have
revealed that in red fruits, with low starch content, glycolysis and respiration are
the main fluxes of primary metabolites in the fruit (Carrari and Fernie 2006).
Effectively, esters constitute an important fraction of flavor compounds in many
fruits. A major source of alcohols for the esterification reactions is derived from
pyruvate, the end product of glycolysis. The pyruvate is converted to acetyl-CoA by
the pyruvate dehydrogenase complex, or via pyruvate decarboxylase and alcohol
dehydrogenase (ADH).

Different metabolic pathways, which start from primary metabolism routes
leading to the synthesis of flavor compounds in fruits, are now considered.

BIOSYNTHETIC PATHWAY OF VOLATILES RESULTING FROM
LIPID DEGRADATION

During the last decade, important advancements have been achieved for the eluci-
dation of biosynthesis pathways of fatty acid-derived aroma compounds. Generally,
the flavor compounds from fatty acids are formed by enzymatically catalyzed deg-
radation processes. The enzymatic oxidative degradation of fatty acid is preceded
by the action of acyl hydrolase, liberating the free fatty acids from acylglycerols.

The most important degradation processes of fatty acids for the generation of
volatiles are the lipoxygenase (LOX) reaction (in-chain oxidation), o- and -
oxidations. The LOX reaction generates hydroxyl, oxo, and epoxy fatty acids and is
involved in the formation of polyfunctional fatty acids. The B-oxidation process
leads to complete degradation of fatty acids with repetitive B-oxidations. However,
o-oxidation appears to be restricted to long-chain fatty acids and to shorten them
not beyond the Cj, chain length. Intermediates and products of those reactions can
be metabolized to form volatiles from several chemical classes such as straight-chain
alcohol, aldehydes, carboxylic acids, lactones, esters, or ketones.

LOXs are essential components of the oxylipin pathway, converting unsaturated
fatty acids into saturated and unsaturated volatile C6- and C9-aldehydes and
alcohols in plants, which are found to affect the flavor of fruits and vegetables. The
Cé6-aldehydes, alcohols, and their esters are named “green leaf volatiles” for the
distinctive scent that is produced when leaves are crushed (Hatanaka 1993). They
are used in industrial processes for the production of natural “green notes” and as
food additives because of their “fresh green” odor. LOX is a nonheme, iron dioxy-
genase that adds molecular oxygen to unsaturated fatty acids containing one or
more 1Z,4Z-pentadienoic moieties (Liavonchanka and Feussner 2006). In plants,
there exist two types of LOXs, depending on the positional specificity of fatty acid
oxygenation, which can be in Cy (9-LOX) or Cy; (13-LOX) of the hydrocarbon
backbone, leading to the 9- or 13-hydroperoxy fatty acid, respectively (Fig. 2.2). The
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hydroperoxy derived from LOX is metabolized by several enzymes: allene oxide
synthase (AOS), hydroperoxide lyase (HPL), divinil ether synthase (DES), epoxy
alcohol synthase, peroxygenase, alkyl hydroperoxide reductase, and LOX itself
(Blee 1998; Feussner et al. 2001; Grechkin 1998) (Fig. 2.2).

The HPL branch of the 13-LOX pathway directs the formation of C6-aldehydes
and C;, w-keto fatty acids. The best characterized metabolites of the HPL branch
are the green leafy volatiles C6-aldehydes (Z)-3-hexenal, n-hexanal, and their
respective derivatives such as (Z)-3-hexen-1-ol, (Z)-3-hexen-1-yl acetate, and the
corresponding E-isomers (Matsui 2006). The C;, compound derived from linolenic
acid is a precursor of traumatin, a mitogenic compound that is implicated in wound
healing (Zimmerman and Coudron 1979). The short-chain Cg derivatives, apart from
being important volatile constituents of fruits, vegetables, and green leaves, also play
main roles in defense against microbial pathogens and insects (Bate and Rothstein
1998; Vancanneyt et al. 2001). Metabolism of 13-hydroperoxides by DES gives rise
to divinyl ether fatty acids, that is, etherolenic acid. This metabolic route has been
demonstrated in both green leaves and nonphotosynthetic tissues, but its biological
function is not known (Grechkin et al. 1995; Hamberg 1998). The AOS branch of
the 13-LOX pathway leads from o-linolenic acid to the jasmonic family that includes
jasmonic acid and its methyl ester (Howe and Schilmiller 2002). They are essential
not only for stress-induced responses but also for developmental process (Feys
et al. 1994; Ishiguro et al. 2001). In addition, methyl jasmonate is the main compo-
nent of the scent of jasmine flowers and contributes to the precious flavors of
Rosmarinus, Gardenia, Artemisia, and lemon oil.
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Metabolism of 9-hydroperoxy fatty acids by AOS, HPL, and DES generates
oxylipins structurally related to the oxylipins derived from the 13-LOX pathway.
The 9-hydroperoxides are cleaved by HPL to form the volatile products 3Z-nonenal,
2E-nonenal, 3Z,6Z-nonadienal, and 2E,6Z-nonadienal, which are found in cucum-
ber aroma (Fig. 2.2). 2E,6Z-nonadienal is of commercial importance because it
is one of the most potent fragrance and flavor substance known (Schwab and
Schreier 2002).

C6- and C9-aldehydes can be further metabolized by ADH to form the corre-
sponding alcohols. ADH genes that participate in the production of aromas are
expressed in a developmentally regulated manner, particularly during fruit ripening
(Manriquez et al. 2006).

a- and B-Oxidation

Catabolism of straight-chain fatty acids by a- and -oxidations is a major process
for the production of flavor volatiles; however, the specific pathways in plants are
not well understood. The B-oxidation results in the successive removal of C2 units
(acetyl-CoA) from the parent fatty acid. The detailed mechanisms of conventional
B-oxidation are well established (Goepfert and Poirier 2007). Saturated and linear
carboxylic acids contribute to the aroma, which are formed during repeated [3-
oxidation cycles followed by the action of an acyl-CoA hydrolase. Aliphatic acids
up to Cy are used to accentuate certain aroma characteristics. They play a significant
role in flavors due to their sharp, buttery, and cheese-like odors, not only on their
own, such as in dairy flavors, but also as substrates for other flavor biosynthesis.

A major group of fatty acid-derived flavor compounds are lactones or alkanolides,
which are organoleptically important. They have generally y-(4) or 3-(5) lactone
structures and are linear chained, and a few are even macrocyclic. The y-lactones
are found primarily in plants and &-lactones primarily in animal products. Sensory
important lactones usually have 8-12 carbon, and some are very important volatiles
in fruits, such as pineapples, apricots, and strawberry (Basear and Demirci 2007). In
addition, due to their low odor threshold, they have a high flavor value in fruits. In
plants, lactones are produced in a very low amount by catabolic processes involving
the structurally related fatty acids. However, the fact that both the optical purity
and the absolute configuration can vary for identical lactones isolated from different
sources supports the idea of the presence of different biosynthetic pathways. On the
other hand, all lactones originate from their corresponding hydroxyl carboxylic acids
(4- or 5-hydroxy carboxylic acid), which are formed by either of these reactions
(Albrecht et al. 1992; Haffner and Tressl 1996; Schottler and Boland 1996):

- reduction of oxo acids by NAD-linked reductase,

« hydrolysis or epoxidation of unsaturated fatty acids,
- reduction of hydroperoxides,

« from naturally occurring hydroxyl fatty acids,

. cleavage of hydroxylated long-chain fatty acids.

In contrast to 4- and 5-hydroxy fatty acids, the 3-hydroxy acids, which are the
regular intermediates of the B-oxidation, do not form lactones. However, they are
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converted to methyl- or ethyl-3-hydroxyester in plants and contribute to the aroma
of fruits such as pineapples, apples, and tamarillos (Torrado et al. 1995; Umano
et al. 1992).

o-Oxidation is known to act only on free fatty acids of Cy4 5 chain length, which
are degraded to C,_; aldehydes together with varying amounts of C, hydroxy acids
and C,, fatty acid (Hamberg et al. 1999). Alternatively, short- and medium-chain
aldehydes and alcohols are formed by enzymatic reduction of the parent acyl-CoA
(Flamini et al. 2007). Aldehydes and alcohols are volatile products; however, alco-
hols are less important as flavor compounds due to their high odor thresholds in
comparison with their aldehyde homologues.

Aliphatic esters contribute to the aroma of nearly all fruits and many other foods.
Some are also responsible for the smell of a particular flower; however, many of
these esters possess a nonspecific fruity odor. As the number of carbon atoms
increases, the odor changes to fatty soapy and even metallic. The straight-chain ester
constituents are believed to be synthesized via B-oxidation of fatty acid, which may
be then reduced to the corresponding alcohols before transesterification (Schwab
and Schreier 2002). Alcohol acyltransferases (AATs) are responsible for the transfer
of alcohol to acyl-CoA, resulting in the synthesis of a wide range of esters. Numerous
AAT genes have been characterized in fruit (Aharoni et al. 2000; Beekwilder et al.
2004; El-Sharkawy et al. 2005).

Methylketones are assumed to be involved in the formation of important aroma
secondary alcohols, that is, 2-pentanol and 2-heptanol (Strohalm et al. 2007), and
even the odd-numbered methylketones from 5 to 11 carbons are highly potent flavor
molecules that have been found in numerous plants. Recently, the first methylketone
synthase, MKSI, has been isolated from tomato, which catalyze in vitro reactions in
which C12, C14, and C16 B-ketoacyl-acyl carrier proteins (intermediates in fatty acid
biosynthesis) were hydrolyzed and decarboxylated to give C11, C13, and C15
methylketones, respectively (Fridman et al. 2005).

BIOSYNTHESIS PATHWAY OF VOLATILE TERPENES

Terpenoids, are the largest and, perhaps, the most structurally varied family of plant
secondary metabolites, consisting of more than 40,000 different molecules. Many
terpenoids present a commercial interest because of their use as flavors and fra-
grances in foods and cosmetics, or because they are important for the quality of
agricultural products, and also as raw material for the manufacture of vitamins and
other chemicals. In addition, some of them have other potential applications such
as herbicides, pesticides, antimicrobial agents, and dietary anticarcinogenics (Crowell
1999). All terpenoids are derived by repetitive fusion of branched five carbon units
based on isopentane skeleton. Many of them are volatile, as hemiterpenes (Cs),
monoterpenes (Cy),sesquiterpenes (C;s),and even some diterpenes (C,). Terpenoids
are derived either from mevalonate (MVA) pathway, which is active in cytosol
and starts from acetyl-CoA, or from methylerythritol-4-phosphate (MEP) pathway,
which is active in the plastids and starts from pyruvate and glyceraldehyde-
3-phosphate (Rodriguez-Concepcion and Boronat 2002). Monoterpenes and sesqui-
terpenes have been identified at varying levels in the flavor profiles of most soft
fruits (Maarse 1991). In some species, they are very important for the characteristic
flavor and aroma, that is, in citrus fruit aroma where the monoterpene R-limonene
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Figure 2.3. Some important plant-derived volatile terpenoids.

normally accounts for over 90% of its essential oils (Weiss 1997). The sesquiterpenes
valencene o- and -sinensals also play an important role in the flavor and aroma of
orange fruit, although these are present in minor quantities (Maccarone et al. 1998;
Vora et al. 1983; Weiss 1997). The monoterpene S-linalool has been described with
an important role in strawberry aroma (Aharoni et al. 2004) and is also important
for the flavor of other fruits such as tomato (Baldwin et al. 2000) (Fig. 2.3).

The pathway of volatile terpenoids biosynthesis can be summarized in three
phases:

1. formation of the terpenoid building Cs units, isopentenyl diphosphate (IPP)
and its allylic isomer dimethylallyl diphosphate (DMAPP);

2. the sequential head-to-tail addition of IPP units to DMAPP (Cs units) to form
Cyp, Cys, or Cy prenyl diphosphates; and

3. conversion of the resulting prenyl diphosphates to end products.

In the first phase, both the MVA and the MEP pathways lead to the formation
of IPP and DMAPP, the basic terpenoid biosynthesis building block. The cytoplas-
mic MVA pathway is generally considered to supply the precursors (Cs) for sesqui-
terpene biosynthesis (Newman and Chappell 1999), while MEP pathway provides
the Cs unit for the production of monoterpenes and diterpenes (Lichtenthaler et al.
1997), although there is increasing evidence of the exchange of intermediates
between compartments (Laule et al. 2003; Ohara et al. 2003; Schuhr et al. 2003). The
terpenoids with Cs units, hemiterpenes (half terpenes), are the smallest ones.
The best known hemiterpene is isoprene itself, a volatile product released from
photosynthetically active tissues (Croteau et al. 2000).

In the second phase, the biosynthesis of the terpene precursors, geranyl diphos-
phate (GDP), farnesyl diphosphate (FDP), and geranylgeranyl diphosphate
(GGPP), precursors of monoterpenes, sesquiterpenes, and diterpenes, respectively,
is catalyzed by prenyl transferases. These prenyl transferases are GDP synthase,
FDP synthase, and GGPP synthase, respectively (Liang et al. 2002; Wang and
Ohnuma 1999) (Fig. 2.4), which catalyze the addition of IPP units to prenyl diphos-
phate with allylic double bonds or the diphosphate moiety. Most of the prenyl
transferases accept DM APP as the initial substrate, but they also bind GDP or FDP
depending on the particular prenyl tranferases (Tarshis et al. 1994, 1996; Withers
and Keasling 2007).

The third phase of terpene volatile biosynthesis involves the conversion of the
various prenyl diphosphates DMAPP (Cs), GDP (Cy), FDP (C;5), and GGPP (C,)
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Figure 2.4. Terpenoid pathway for volatile in plants (modified from Aharoni et al. 2004). IPP,
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to hemiterpenes, monoterpenes, sesquiterpenes, and diterpenes, respectively. These
reactions, carried out by a large family of enzymes known as terpene synthases,
produce the primary representatives of each skeletal type. The investigation of
terpene synthases is a very active area of plant volatile research. Many of these
genes have been isolated and characterized from various plant species (Bohlmann
et al. 1998; Tholl 2006). One of the most exceptional properties is their tendency for
making multiple products from a single substrate.

While many terpene volatiles are direct products of terpene synthases, many
others are formed through transformation of the initial products by oxidation,
dehydrogenation, acylation, and other reactions (Dudareva et al. 2004; Pichersky
et al. 2006).

There are a group of terpenoid flavor volatile compounds present at relatively
low concentrations but possess strong effects on the human appreciation. This very
diverse group of compounds is presumably generated by an oxidative cleavage of
the carotenoid (tetraterpenoids, Cy) molecule between the C, and Cyy positions,
yielding apocarotenoids (also called norisoprenes) with 13 carbon atoms. Although
other apocarotenoids of 9-20 carbon atoms are present in nature, only C,; has been
described an important role in some fruit flavors and in the scent of some flowers
(Simkin et al. 2004a,b).

Recently, two carotenoid cleavage dioxygenase genes, LeCCDI1A and LeCCDIB,
whose expression was upregulated upon fruit development, were shown to cleave
multiple cyclic carotenoids in vitro at the 9,10 (9°,10") double bond, generating a
variety of Cy; apocarotenoids, geranylacetone, pseudoionone, and B-ionone (Simkin
et al. 2004a) (Fig. 2.5).
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Figure 2.5. Scheme for the reactions catalyzed by LeCCD1 proteins. Carotenoid substrates
(left) are oxidatively cleaved to yield the apocarotenoids derivatives (right). (modified from
Simkin et al. 2004).

BIOSYNTHESIS PATHWAY OF VOLATILE AMINO ACIDS DERIVATIVES

Phenylpropanoid and benzenoid compounds constitute a large class of secondary
metabolites in plants that are derived from phenylalanine via a complex series of
branched pathways. The phenylpropanoid compounds are nonvolatile, but when
reduced at the C9 position to aldehyde, alcohol, or alkene/alkane, or when they
contain alkyl additions to the hydroxyl group of the phenyl ring or to the carboxyl
group, these compounds are volatiles. They are common constituents of scent of
many plant species (Dudareva and Pichersky 2006).

Phenylpropanoid-related compounds such as 2-phenylacetaldehyde and 2-phenyl-
ethylalcohol have an important contribution to tomato flavor (Buttery 1993). At
low concentration, both compounds have pleasant fruity or floral odors and are also
major contributors to scent in many flowers (Knudsen et al. 1993). However, at high
levels, the pungent aroma of 2-phenylacetaldehyde is unpleasant (Tadmor et al.
2002). Formation of both compounds initiates from phenylalanine (Fig.2.6). Despite
the importance of both compounds to flavor and aroma, it is not clear how plants
synthesize them. Deuterium-labeling phenylalanine studies in rose suggest
that phenylacetaldehyde is not a precursor of phenylethanol, and the major flux
goes through a different route, possibly through phenylpyruvate and phenyllactic
acid (Watanabe et al. 2002). It has been recently described that a small family of
L-amino acid decarboxylases (AADCs) from tomato catalyzed the conversion
of L-phenylalanine to 2-phenylethylamine (Tieman et al. 2006). Overexpression of
the corresponding genes in transgenic tomato plants led to the accumulation
of significantly higher levels of 2-phenylacetaldehyde and 2-phenylethanol as well
as the related compounds 2-phenylacetonitrile and 1-nitro-2-phenylethane.
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Figure 2.6. Schematic representation of the shikimate pathway that leads volatile benzenoid
and phenylpropenes volatiles (modified from Verdonk et al. 2005).

Other benzenoids such as methyl salicylate and methyl benzoate are common
components of floral scent, that is, vanillin, an important aroma compound, and have
trans-cinnamic acid as the precursor (Fig. 2.6). In general, the first step in the
biosynthesis of some benzenoid compounds is catalyzed by phenylalanine ammonia
lyase (PAL) enzyme, which produces trans-cinnamic acid by deamination of
phenylalanine. Then, the trans-cinnamic acid side chain is shortened by C2 units,
in which several routes have been proposed (Schuurink et al. 2006). One route can
be through the action of the B-oxidative CoA-dependent pathway, analogous to
B-oxidation of fatty acids and proceeds through the formation of CoA-ester inter-
mediates. Experiments with stable isotope-labeled precursor in tobacco leaves sug-
gested that benzoic acid is produced from trans-cinnamic acid via this B-oxidative
CoA-dependent pathway, first yielding benzoyl-CoA, which can be hydrolyzed by
a thioesterase to free benzoic acid (Ribnicky et al. 1998). Another route can be
through non-B-oxidative CoA-independent pathway that involves the hydration
of the free trans-cinnamic acid to 3-hydroxy-phenylpropionic acid and side-chain
degradation via a reverse aldol reaction with formation of benzaldehyde, which is
then oxidized to benzoic acid by an NADP*-dependent aldehyde dehydrogenase
(Dudareva and Pichersky 2006). In vivo isotope labeling and metabolic flux analysis
in petunia flowers have revealed that both pathways are involved in the formation
of benzenoid compounds, and that benzyl benzoate is an intermediate between
L-phenylalanine and benzoic acid (Boatright et al. 2004).

Other phenylpropenes, such as isoeugenol or eugenol and related compounds,
are associated with pleasure aromas and flavors; however, the biochemical path-
ways for their synthesis have not been completely elucidated yet. Previous
studies indicated that these are likely derived from molecules downstream of
trans-cinnamic acid (Gang et al. 2001) (Fig. 2.6). Recently, it has been described
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that phenylpropene-forming enzymes belong to a structural family of NADPH-
dependent reductases that use coniferyl acetate and NADPH to form eugenol in
sweet basil and isoeugenol in petunia (Koeduka et al. 2006).

Very little is known about enzymes and genes responsible for metabolic steps
leading to phenylpropanoid and benzenoid volatiles; still, significant progress has
been made in the discovery of common modifications. Compounds that are already
somewhat volatile may also be modified, resulting in enhanced volatility or changed
olfactory properties. The majority of these modifications involve reactions such as
hydroxylation, acetylation, oxidation, and methylation of downstream products
(Dudareva et al. 2004).

Other groups of flavor compounds are sulfur molecules. The sulfur-containing
flavor compounds are synthesized from methionine and cysteine. In onion and
garlic, a series of volatile sulfur compounds responsible for the typical flavors
and odors of Alliums have been described. These metabolites are S-methyl cysteine
sulfoxide (MCSO, methiin; present in most Alliums, some Brassicaceae), S-allyl
cysteine sulfoxide (ACSOQ, alliin; characteristic of garlic), S-trans-prop-1-enyl cyste-
ine sulfoxide (PECSO, isoalliin; characteristic of onion), and S-propyl cysteine sulf-
oxide (PCSO, propiin; in onion and related species), which are generated by the
cleavage of relatively stable, odorless S-alk(en)yl cysteine sulfoxide flavor precur-
sors by the enzymes allinase and lachrymatory-factor synthase. The biosynthetic
pathway of flavor precursors involves alk(en)ylation of the cysteine in glutathione,
followed by cleavage and oxidation to form the sulfoxides or (thio)alk(en)ylation
of cysteine or O-acetylserine (Jones et al. 2004).

Little is known about the catabolism of methionine in plant cells. Several authors
have reported that plants emit volatile sulfur-containing compounds such as meth-
anethiol, dimethyl disulfide, or dimethyl sulfide as a consequence of the accumula-
tion of free methionine (Boerjan et al. 1994; Hacham et al. 2002). The process
responsible for the production of these volatiles is still unknown. Recently, in
Arabidopsis cells, methionine y-lyase enzyme that catalyzed the formation of meth-
anethiol, a-ketobutyrate, and ammonia from the catabolism of methionine has been
described (Rebeille et al. 2006).

Amino acids such as alanine, leucine, isoleucine, and valine are also involved in
volatile synthesis.In tomatoes,valineisareported precursor for 1-N-2-methylpropane,
3-methylbutylnitrile, 1-N-3-methylbutane, and 2-isobutylthiazole (Buttery and Ling
1993). Isoleucine is a precursor of 2-methylbutanol and 2-methylbutyric acid.
Compounds derived from leucine, 3-methylbutanal, 3-methylbutanol, and 3-
methylbutanoic acid are abundant in various fruits such as strawberry, tomato, and
grape varieties (Aubert et al. 2005). In addition, amino acids, as well as their alcohol
and acid derivatives, can be esterified to compounds with a large impact on fruit
odor, such as 3-methylbutyl acetate and 3-methylbutyl butanoate in banana
(Nogueira et al. 2003), by deamination, decarboxylation, several reductions, and
esterification (Perez et al. 1992).

GLYCOSYLATION

Many secondary metabolites are subject to the final step of glycosylation; that
is, they are conjugated to different positions to simple sugars or multiple sugars,
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Figure 2.7. Chemical structures from more common flavonoids where the glycosylation sites
are highlighted.

like di-, tri-, and oligosaccharides. For instance, for the flavonol quercetin, more
than 300 glycosides have been identified. This metabolic change is especially
important for lipophilic compounds, which as a consequence change their chemical
properties. The result is that water solubility is increased, and commonly also
stability.

The glycosylation reactions are catalyzed for a class of enzymes named as glyco-
syltransferases (GTs). There are many GT families, but those catalyzing the transfer
of sugars to small lipophilic molecules are classified as GT1 family (Bowles et al.
2006). The sugar donor in the reaction is a nucleotide sugar, most commonly UDP-
glucose, although other sugars and sugar derivatives, like galactose, rhamnose,
xylose, and glucuronic acid, can be the substrate for the plant GT enzymes. Functional
groups that might accept sugars include -OH, -COOH, -NH,, -SH, and C-C.
In addition, regioselectivity in the conjugation reaction, and the possibility of single/
multiple reactions at different positions, enhances significantly the number of
possible conjugates for a compound. Figure 2.7 as an example shows the multiple
glycosylation sites for flavonoids.

Studies on plant GTs indicate that the glycosylation reactions take place in
the cytosol; however, the conjugated products can be transported to other cell
compartment, as its accessibility to some transport systems can result. For instance,
anthocyanins, which are produced by glycosylation of flavonoids, are targeted
for accumulation in the vacuole. In plant genomes, many GT-encoding genes have
been identified. Moreover, in vitro studies of these enzymes have demonstrated
that not only multiple GTs have the capacity to glycosylate the same substrate,
but also that individual GT can glycosylate multiple substrates. This opens a
wide field of study that is highly important in the metabolic pathways determining
the organoleptic properties in the fruits of the plants. Thus, it is known that in
grapefruit, the rhamnose linkage to the naringenin 7-O-glucoside determines
the bitter flavor, but if the 2-OH position of the glucose is rhamnosylated, the result-
ing compound is bitter; when the 6-OH position is rhamnosylated, the compound
Is tasteless.
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THE REGULATION OF METABOLIC PATHWAYS

The identification of enzymes and intermediates involved in a metabolic pathway
is not sufficient to have a deep knowledge about its functioning. Regulation of the
pathway, that is, knowledge of the metabolic fluxes under specific conditions, is also
a priority to have a deep knowledge of metabolism. Understanding the regulation
will require, besides the identification and quantification of the structural compo-
nents (genes, enzymes, and intermediates), an estimation of the modifications and
interactions that they are susceptible. Since these changes occur in the context of a
developmental program in a plant organ, this means that there is a changing regula-
tion pattern along time during the ripening of the fruit, and also that environmental
factors, including pathogen interactions, can have an effect on the fluxes of the
metabolic pathway.

The final objective is to know which are the fluxes in a metabolic pathway; there-
fore, enzymes and metabolites are relevant, as well as their modifications and inter-
actions. Their joint functioning has been afforded by various theoretical approaches
that basically provide a holistic view of the pathway under study. However, since
enzymes are the products of gene expression, a gene regulatory model must also
be considered in terms of structural components and their modifications and inter-
actions (Sweetlove et al. 2008). All these elements can be contemplated in a
network (Lange 2006), as shown in Figure 2.8.

Various metabolic models have been advanced to explain the flux through the
reactions in the pathway, as well as to predict the values of the fluxes in response
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Figure 2.8. Outline of a hypothetical metabolic network indicating the possible control ele-
ments in a metabolic flux (adapted from Lange 2006).
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to changes in two of the structural components, enzymes and metabolites. The most
used model is known as the kinetic model (Sweetlove et al. 2008). The model
assumption is that the kinetic properties of the enzymes catalyzing a set of reactions
will determine the flux through the pathway. For instance, the method estimates the
contribution of any enzyme to the overall flux of the pathway, and this is quantified
in a value known as “flux control coefficient.” It is a mechanistic model in the sense
that, based on differential equations, it establishes the relationship between sub-
strate and effector concentrations and reaction velocity. This gives a predictive value
to the model and, consequently, the possibility to hypothesize about the changes in
the pathway when one of the structural components changes. This might be impor-
tant for the metabolic engineering of the future that must look for adapting the fruit
properties and composition to the needs of different groups of consumers.

Basic principles of one of the kinetic models were formulated some time ago
(Kacser and Burns 1973). Two main corollaries can be deduced from the model.
First is that the control of the flux must be shared by several elements; this means
that several steps in the pathway might be responsible for the changes in the flux.
Actually, this is the more common situation, in contrast with early analysis of meta-
bolic regulation that searched for the bottleneck step controlling the whole pathway.
This model has been applied in tomato fruits in order to analyze the interconnec-
tions in sucrose/starch synthesis. The study concluded that the flux was shared by
sucrose synthase, fructokinase, and ADP-glucose pyrophosphorylase (ADPGase)
(Schaffer and Petreikov 1997) (Fig. 2.1). The second corollary is a consequence
of another property of the model that establishes that once a pathway has been
delimited, the summation of all the “flux control coefficients” remains constant.
Consequently, a change in any of them directly causes a change in the other
coefficients. As structural components, enzymes and metabolites might change for
different cells, stages, and organisms; hence, the regulation of the pathway also
changes. Thus, the same sucrose/starch transition previously studied in tomato fruits
was also studied in potato tuber. It was concluded that only ADPGase exerted the
control of the flux in this organ/species (Carrari and Fernie 2006).

The quality of this metabolic model rests on the quality enzyme kinetics data.
This has been a shortcoming for its application to plant metabolism. Although the
general corollaries above indicated have been valid to change the view on the regu-
lation of the metabolic pathways, the “flux control coefficients” have been deter-
mined for only a small number of plant enzymes.

There is also another element that limits the application of this flux control
model; it is the fact that it must be applied to a subset of reactions that constitute
a pathway, that is, an artificial closed system. This is simplistic since metabolic bar-
riers do not exist within the cell where frequent cross talk among pathways is known
to exist. For example, going back to the same example of starch metabolism in
tomato fruits, it has been found that changes in the NAD-malic enzyme, in the
mitochondria and uridine monophosphate synthase, a distant reaction, had major
effects on the accumulation of starch (Sweetlove et al. 2008).

The consequences of a change in the environmental, or in the developmental
circumstances that commonly accompany the growth and ripening of the fruits, are
recently being studied at the gene regulation level. The availability of oligo-based
chips for many plant species has allowed us to know the gene expression at tran-
scriptional level, “transcriptomics,” in fruits during development and under different
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growing conditions. In some cases, the observed metabolic changes have been
explained by the changing patterns of gene expression, with the benefit of identify-
ing the main gene(s) and enzyme(s) responsible for the metabolic output (Aharoni
et al. 2000). However, the limited success in identifying the key regulatory elements
in a pathway using transcriptomics has led to the use of other “omics” approaches,
like proteomics and metabolomics. These new holistic approaches are fore viewed
as important tools for a deep knowledge of the metabolism, and its regulation, at
tissue, organ, and cellular levels.

REFERENCES

Aharoni A, Giri AP, Verstappen FW, Bertea CM, Sevenier R, Sun Z, Jongsma MA, Schwab
W, Bouwmeester HJ. 2004. Gain and loss of fruit flavor compounds produced by wild and
cultivated strawberry species. Plant Cell 16:3110-31.

Aharoni A, Keizer LC, Bouwmeester HJ, Sun Z, Alvarez-Huerta M, Verhoeven HA, Blaas J,
van Houwelingen AM, De Vos RC, van der Voet H, Jansen RC, Guis M, Mol J, Davis RW,
Schena M, van Tunen AJ, O’Connell AP. 2000. Identification of the SAAT gene involved
in strawberry flavor biogenesis by use of DNA microarrays. Plant Cell 12:647-62.

Albrecht W, Schwarz M, Heidlas J, Tressl T. 1992. Studies on the biosynthesis of aliphatic
lactones in Sporobolomyces odorus. Conversion of (S)- and (R,S)-13-hydroxy-(Z,E)-9,11-
octadecadienoic acid into optically pure (R)-.delta.-decalactone. J Org Chem 57:1954-6.

Aubert C, Baumann S, Arguel H. 2005. Optimization of the analysis of flavor volatile com-
pounds by liquid-liquid microextraction (LLME). Application to the aroma analysis of
melons, peaches, grapes, strawberries, and tomatoes. J Agric Food Chem 53:8881-95.

Baldwin ES, Scott JW, Shewmarker CK, Schuch W. 2000. Flavor trivia and tomato aroma:
Biochemistry and possible mechanisms for control of important aroma components.
HortScience 35:1013-22.

Basear KHC, Demirci F. 2007. Chemistry of essential oil. In Berger RG (ed.), Flavors and
Fragrances. Heidelberg: Springer, p. 43.

Bate NJ, Rothstein SJ. 1998. C6-volatiles derived from the lipoxygenase pathway induce a
subset of defense-related genes. Plant J 16:561-9.

Beekwilder J, Alvarez-Huerta M, Neef E, Verstappen FW, Bouwmeester HJ, Aharoni A.2004.
Functional characterization of enzymes forming volatile esters from strawberry and
banana. Plant Physiol 135:1865-78.

Blee E. 1998. Phytooxylipins and plant defense reactions. Prog Lipid Res 37:33-72.

Boatright J, Negre F, Chen X, Kish CM, Wood B, Peel G, Orlova I, Gang D, Rhodes D,
Dudareva N. 2004. Understanding in vivo benzenoid metabolism in petunia petal tissue.
Plant Physiol 135:1993-2011.

Boerjan W, Bauw G, Van Montagu M, Inze D. 1994. Distinct phenotypes generated by over-
expression and suppression of S-adenosyl-L-methionine synthetase reveal developmental
patterns of gene silencing in tobacco. Plant Cell 6:1401-14.

Bohlmann J, Meyer-Gauen G, Croteau R. 1998. Plant terpenoid synthases: Molecular biology
and phylogenetic analysis. Proc Natl Acad Sci U S A 95:4126-33.

Bood KG, Zabetakis I. 2002. The biosynthesis of strawberry flavor (II): Biosynthetic and
molecular biology studies. J Food Sci 67:2-8.

Bowles D, Lim E-K, Poppenberger B, Vaistij FE. 2006. Glycosyltransferases of lipophilic small
molecules. Annu Rev Plant Biol 57:567-97.



40 HANDBOOK OF FRUIT AND VEGETABLE FLAVORS

Buttery RG. 1993. Quantitative and sensory aspects of flavor of tomato and other vegetables
and fruits. In Acree TE, Teranishsi R (eds.), Flavor Science: Sensible Principles and
Techniques. Washington, DC: American Chemical Society, pp. 259-286.

Buttery RG, Ling LC. 1993. Volatiles of tomato fruit and plant parts: Relationship and bio-
genesis. In Teranishsi R, Buttery RG, Sugisawa H (eds.), Bioactive Volatile Compounds
from Plants. Washington, DC: ACS Books, p. 11.

Carrari F, Fernie AR. 2006. Metabolic regulation underlying tomato fruit development.J Exp
Bot 57:1883-97.

Croteau R, Kutchan TM, Lewis NG. 2000. Natural products (secondary metabolites). In
Buchanan B, Gruissem W, Jones R (eds.), Biochemistry and Molecular Biology of Plants.
Rockville, MD: American Society of Plant Physiology, p. 68.

Crowell PL. 1999. Prevention and therapy of cancer by dietary monoterpenes. J Nutr
129:775S8-78S.

Dudareva N, Pichersky E. 2006. Floral scent metabolic pathways: Their regulation and evolu-
tion. In Dudareva N, Pichersky E (eds.), Biology of Floral Scent. Boca Raton, FL: CRC
Press, p. 23.

Dudareva N, Pichersky E, Gershenzon J. 2004. Biochemistry of plant volatiles. Plant Physiol
135:1893-902.

El-Sharkawy I, Manriquez D, Flores FB, Regad F, Bouzayen M, Latche A, Pech JC. 2005.
Functional characterization of a melon alcohol acyl-transferase gene family involved in
the biosynthesis of ester volatiles. Identification of the crucial role of a threonine residue
for enzyme activity. Plant Mol Biol 59:345-62.

Feussner I, Kuhn H, Wasternack C. 2001. Lipoxygenase-dependent degradation of storage
lipids. Trends Plant Sci 6:2268-73.

Feys B, Benedetti CE, Penfold CN, Turner JG. 1994. Arabidopsis mutants selected for resis-
tance to the phytotoxin coronatine are male sterile, insensitive to methyl jasmonate, and
resistant to a bacterial pathogen. Plant Cell 6:751-9.

Flamini G, Tebano M, Cioni PL. 2007. Volatiles emission patterns of different plant organs
and pollen of Citrus limon. Anal Chim Acta 589:120-4.

Fridman E, Carrari F, Liu YS, Fernie AR, Zamir D. 2004. Zooming in on a quantitative trait
for tomato yield using interspecific introgressions. Science 305:1786-9.

Fridman E,Wang J, Iijima Y, Froehlich JE, Gang DR, Ohlrogge J, Pichersky E.2005. Metabolic,
genomic, and biochemical analyses of glandular trichomes from the wild tomato species
Lycopersicon hirsutum identify a key enzyme in the biosynthesis of methylketones. Plant
Cell 17:1252-67.

Gang DR, Wang J, Dudareva N, Nam KH, Simon JE, Lewinsohn E, Pichersky E. 2001. An
investigation of the storage and biosynthesis of phenylpropenes in sweet basil. Plant
Physiol 125:539-55.

Goepfert S, Poirier Y. 2007. Beta-oxidation in fatty acid degradation and beyond. Curr Opin
Plant Biol 10:245-51.

Grechkin A. 1998. Recent developments in biochemistry of the plant lipoxygenase pathway.
Prog Lipid Res 37:317-52.

Grechkin AN, Fazliev FN, Mukhtarova LS. 1995. The lipoxygenase pathway in garlic (Allium
sativum L.) bulbs: Detection of the novel divinyl ether oxylipins. FEBS Lett 371:159-62.

Hacham Y, Avraham T, Amir R. 2002. The N-terminal region of Arabidopsis cystathionine
gamma-synthase plays an important regulatory role in methionine metabolism. Plant
Physiol 128:454-62.

Haffner T, Tressl R. 1996. Biosynthesis of (R)-y-decanolactone in the yeast Sporobolomyces
odorus. J Agric Food Chem 44:1218-23.



PHYSIOLOGY AND BIOCHEMISTRY 4

Hamberg M. 1998. A pathway for biosynthesis of divinyl ether fatty acids in green leaves.
Lipids 33:1061-71.

Hamberg M, Sanz A, Castresana C. 1999. Alpha-oxidation of fatty acids in higher plants.
Identification of a pathogen-inducible oxygenase (piox) as an alpha-dioxygenase and
biosynthesis of 2-hydroperoxylinolenic acid. J Biol Chem 274:24503-13.

Hatanaka A. 1993. The biogeneration of green odour by green leaves. Phytochemistry
34:1201-18.

Howe GA, Schilmiller AL. 2002. Oxylipin metabolism in response to stress. Curr Opin Plant
Biol 5:230-6.

Ishiguro S, Kawai-Oda A, Ueda J, Nishida I, Okada K. 2001. The defective in anther dehi-
science gene encodes a novel phospholipase A1 catalyzing the initial step of jasmonic acid
biosynthesis, which synchronizes pollen maturation, anther dehiscence, and flower opening
in Arabidopsis. Plant Cell 13:2191-2009.

Jones MG, Hughes J, Tregova A, Milne J, Tomsett AB, Collin HA. 2004. Biosynthesis of the
flavor precursors of onion and garlic. J Exp Bot 55:1903-18.

Kacser H, Burns JA. 1973. The control of flux. Symp Soc Exp Biol 27:65-104.

Klann EM, Hall B, Bennett AB. 1996. Antisense acid invertase (TIV1) gene alters soluble
sugar composition and size in transgenic tomato fruit. Plant Physiol 112:1321-30.

Knudsen JT, Tollsten L, Bergstron LG. 1993. Floral scents a checklist of volatile compounds
isolated by head-space techniques. Phytochemistry 33:253-80.

Koeduka T, Fridman E, Gang DR, Vassao DG, Jackson BL, Kish CM, Orlova I, Spassova SM,
Lewis NG, Noel JP, Baiga TJ, Dudareva N, Pichersky E. 2006. Eugenol and isoeugenol,
characteristic aromatic constituents of spices, are biosynthesized via reduction of a
coniferyl alcohol ester. Plant Biol 103:10128-33.

Lange BM. 2006. Integrative analysis of metabolic networks: From peaks to flux models?
Curr Opin Plant Biol 9:220-6.

Laule O, Furholz A, Chang HS, Zhu T, Wang X, Heifetz PB, Gruissem W, Lange M. 2003.
Crosstalk between cytosolic and plastidial pathways of isoprenoid biosynthesis in
Arabidopsis thaliana. Proc Natl Acad Sci U S A 100:6866-71.

Liang PH, Ko TP, Wang AH. 2002. Structure, mechanism and function of prenyltransferases.
Eur J Biochem 269:3339-54.

Liavonchanka A, Feussner 1. 2006. Lipoxygenases: Occurrence, functions and catalysis.J Plant
Physiol 163:348-57.

Lichtenthaler HK, Schwender J, Disch A, Rohmer M. 1997. Biosynthesis of isoprenoids in
higher plant chloroplasts proceeds via a mevalonate-independent pathway. FEBS Lett
400:271-4.

Maarse H. 1991. Volatile Compounds in Food and Beverages, 1st Ed. New York: CRC.

Maccarone E, Campisi S, Fallico B, Rapisarda P, Sgarlata R. 1998. Flavor components of
Italian orange juices. J Agric Food Chem 46:2293-8.

Manriquez D, El-Sharkawy I, Flores FB, El-Yahyaoui F, Regad F, Bouzayen M, Latche A,
Pech JC. 2006. Two highly divergent alcohol dehydrogenases of melon exhibit fruit ripen-
ing-specific expression and distinct biochemical characteristics. Plant Mol Biol
61:675-85.

Matsui K. 2006. Green leaf volatiles: Hydroperoxide lyase pathway of oxylipin metabolism.
Curr Opin Plant Biol 9:274-80.

Newman JD, Chappell J. 1999. Isoprenoid biosynthesis in plants: Carbon partitioning within
the cytoplasmic pathway. Crit Rev Biochem Mol Biol 34:95-106.

Nogueira JM, Fernandes PJ, Nascimento AM. 2003. Composition of volatiles of banana cul-
tivars from Madeira Island. Phytochem Anal 14:87-90.



42 HANDBOOK OF FRUIT AND VEGETABLE FLAVORS

Ohara K, Ujihara T, Endo T, Sato F, Yazaki K. 2003. Limonene production in tobacco with
Perilla limonene synthase cDNA. J Exp Bot 54:2635-42.

Perez AG, Rios JJ, Sanz C, Olias JM. 1992. Aroma components and free amino acids in
strawberry variety chandler during ripening. J Agric Food Chem 40:2232-5.

Pichersky E, Noel JP, Dudareva N. 2006. Biosynthesis of plant volatiles: Nature’s diversity
and ingenuity. Science 311:808-11.

Rebeille F, Jabrin S, Bligny R, Loizeau K, Gambonnet B, Van Wilder V, Douce R, Ravanel S.
2006. Methionine catabolism in Arabidopsis cells is initiated by a gamma-cleavage process
and leads to S-methylcysteine and isoleucine syntheses. Proc Natl Acad Sci U S A
103:15687-92.

Ribnicky DM, Shulaev VV, Raskin II. 1998. Intermediates of salicylic acid biosynthesis in
tobacco. Plant Physiol 118:565-72.

Rodriguez-Concepcion M, Boronat A. 2002. Elucidation of the methylerythritol phosphate
pathway for isoprenoid biosynthesis in bacteria and plastids. A metabolic milestone
achieved through genomics. Plant Physiol 130:1079-89.

Roessner-Tunali U, Hegemann B, Lytovchenko A, Carrari F, Bruedigam C, Granot D, Fernie
AR. 2003. Metabolic profiling of transgenic tomato plants overexpressing hexokinase
reveals that the influence of hexose phosphorylation diminishes during fruit development.
Plant Physiol 133:84-99.

Schaffer AA, Petreikov M. 1997. Sucrose-to-starch metabolism in tomato fruit undergoing
transient starch accumulation. Plant Physiol 113:739-46.

Schottler M, Boland W. 1996. Biosynthesis of dodecano-4-lactone in ripening fruits: Crucial
role of an epoxide-hidrolase in enantioselective generation of aroma components of the
nectarine (Prunus persica var nucipersica) and strawberry (Fragaria ananassa). Helv Chim
Acta 79:1488-96.

Schuhr CA, Radykewicz T, Sagner S, Latzel C, Zenk MH, Arigoni D, Bacher A, Rohdich F,
Eisenreich W. 2003. Quantitative assessment of crosstalk between the two isoprenoid
biosynthesis pathways in plants by NMR spectroscopy. Phytochem Rev 2:3-16.

Schuurink RC, Haring MA, Clark DG. 2006. Regulation of volatile benzenoid biosynthesis
in petunia flowers. Trends Plant Sci 11:20-5.

Schwab W, Schreier P. 2002. Enzymatic formation of flavor volatiles from lipids. In Kuo TM,
Gardner HW (eds.), Lipid Biotechnology. New York: Marcel Dekker, p. 25.

Simkin AJ, Schwartz SH, Auldridge M, Taylor MG, Klee HJ. 2004a. The tomato carotenoid
cleavage dioxygenase 1 genes contribute to the formation of the flavor volatiles beta-
ionone, pseudoionone, and geranylacetone. Plant J 40:882-92.

Simkin AJ, Underwood BA, Auldridge M, Loucas HM, Shibuya K, Schmelz E, Clark DG,
Klee HJ. 2004b. Circadian regulation of the PhCCD1 carotenoid cleavage dioxygenase
controls emission of beta-ionone, a fragrance volatile of petunia flowers. Plant Physiol
136:3504-14.

Strohalm H, Dregus M, Wahl A, Engel KH. 2007. Enantioselective analysis of secondary
alcohols and their esters in purple and yellow passion fruits. J Agric Food Chem
55:10339-44.

Sweetlove LJ, Fell D, Fenie AR. 2008. Getting to grips with the plant metabolic network.
Biochem J 409:27-41.

Tadmor Y, Fridman E, Gur A, Larkov O, Lastochkin E, Ravid U, Zamir D, Lewinsohn E.
2002. Identification of malodorous, a wild species allele affecting tomato aroma that was
selected against during domestication. J Agric Food Chem 50:2005-9.

Tarshis LC, Proteau PJ, Kellogg BA, Sacchettini JC, Poulter CD. 1996. Regulation of product
chain length by isoprenyl diphosphate synthases. Proc Natl Acad Sci U S A 93:15018-23.



PHYSIOLOGY AND BIOCHEMISTRY 43

Tarshis LC, Yan M, Poulter CD, Sacchettini JC. 1994. Crystal structure of recombinant far-
nesyl diphosphate synthase at 2.6-A resolution. Biochemistry 33:10871-7.

Tholl D. 2006. Terpene synthases and the regulation, diversity and biological roles of terpene
metabolism. Curr Opin Plant Biol 9:297-304.

Tieman D, Taylor M, Schauer N, Fernie AR, Hanson AD, Klee HJ. 2006. Tomato aromatic
amino acid decarboxylases participate in synthesis of the flavor volatiles 2-phenylethanol
and 2-phenylacetaldehyde. Proc Natl Acad Sci U S A 103:8287-92.

Torrado A, Sudrez A, Duque C, Krajewski D, Neugebauer W, Schreier P. 1995. Volatile con-
stituents from tamarillo (Cyphomandra betacea Sendtn.) fruit. Flav Frag J 10:349-54.
Umano K, Hagi Y, Nakahara K, Shoji A, Shibamoto T. 1992. Volatile constituents of green
and ripened pineapple (Ananas comosus [L.] Merr.). J Agric Food Chem 40:599-603.
Vancanneyt G, Sanz C, Farmaki T, Paneque M, Ortego F, Castanera P, Sanchez-Serrano JJ.
2001. Hydroperoxide lyase depletion in transgenic potato plants leads to an increase in

aphid performance. Proc Natl Acad Sci U S A 98:8139-44.

Verdonk JC, Haring MA, van Tunen AJ, Schuurink RC. 2005. ODORANT1 regulates fra-
grance biosynthesis in petunia flowers. Plant Cell 17:1612-24.

Vora JD, Matthews RF, Crandall PG, Cook R. 1983. Preparation and chemical composition
of orange oil concentrates. J Food Sci 48:1197-9.

Wang K, Ohnuma S. 1999. Chain-length determination mechanism of isoprenyl diphosphate
synthases and implications for molecular evolution. Trends Biochem Sci 24:445-51.

Watanabe S, Hayashi K, Yagi K, Asai T, MacTavish H, Picone J, Turnbull C, Watanabe N. 2002.
Biogenesis of 2-phenylethanol in rose flowers: Incorporation of [2H8]L-phenylalanine
into 2-phenylethanol and its beta-D-glucopyranoside during the flower opening of Rosa
“Hoh-Jun” and Rosa damascena Mill. Biosci Biotechnol Biochem 66:943-7.

Weiss EA. 1997. Essential Oil Crops. Wallingford, UK: CAB International, Springer.

Withers ST, Keasling JD. 2007. Biosynthesis and engineering of isoprenoid small molecules.
Appl Microbiol Biotechnol 73:980-90.

Zimmerman DC, Coudron CA. 1979. Identification of traumatin, a wound hormone, as
12-oxo-trans-10-dodecenoic acid. Plant Physiol 63:536—41.






I CHAPTER 3

Sensory Evaluation of Fruit and
Vegetable Flavors

SARA BAYARRI and ELVIRA COSTELL
Instituto de Agroquimica y Tecnologia de Alimentos, CSIC

INTRODUCTION

The organoleptic quality of fruit and vegetables plays an important role in consum-
ers’ satisfaction, and it can influence their choice at the moment of purchase and
modify the degree of pleasure they experience when consuming these products. The
sensory characteristics are the primary reason consumers purchase a particular type
of fruit (Wismer et al. 2005). These characteristics (appearance, aroma, taste, and
texture) contribute differently to the acceptability of various fruits and vegetables.

For the last decades, the genetic improvement of plants, carried out by conven-
tional techniques or by molecular engineering, was mainly focused to increase yield,
to get more plague- or illness-resistant genotypes, or to improve their agronomical
characteristics or even their shelf life (Ranalli and Cubero 1997). During this time,
a number of fruits and vegetables with better agronomical characteristics and espe-
cially with a longer shelf life have appeared on the market, but, in general, their
sensorial properties were clearly different from the products coming from tradi-
tional varieties and obtained by traditional growing techniques. Fruits and vegeta-
bles in the market are frequently found that, though having adequate color and
texture, show a lack of flavor or even a different flavor from that expected by the
typical consumer. This is because in the past improvement programs, sensory quality
control was considered at most as a secondary activity, usually based on the opinion
and expertise of a reduced number of judges. Additionally, these judges were mainly
focused on detecting the genotypes showing any important defect in color, flavor,
or texture. At present, it is widely recognized that the success in the market of any
fruit or vegetable is not dependent only on the absence of perceivable defects but
also on the fulfillment of the consumers’ requirements and, furthermore, on the
degree of satisfaction produced upon their consumption (Hampson et al. 2000;
Wismer et al. 2005). To date, any genetic improvement program will certainly include
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sensory techniques and consumer tests in order to identify the more promising
products as to their future success in the market (Harker et al. 2003; Jaeger and
Harker 2005).

For most of the plant products and especially for fruits, flavor is considered as
the key factor for their acceptance, but its measurement and control present serious
problems. The first question is: What is flavor? There is no universally accepted
definition. Some authors identify flavor with the volatile content, due to the unques-
tionable influence of volatiles’ presence and concentration. Others consider flavor
to be the global sensation produced in humans during consumption of the particular
foodstuff. More often accepted and used is to consider flavor as the combination of
the sensations perceived simultaneously by the senses of taste and olfaction. Both
of these are chemical senses; for example, they respond to stimuli that are essentially
molecules capable of activating the different receptors located in the sensitive cells
in the mouth and nose (Duran and Costell 1999). Perhaps, one of the best definitions
of flavor is that proposed by Heymann and others (1993): “Flavor is the biological
response to chemical compounds (the physical stimuli) by the senses, interpreted
by the brain in the context of human experience.” Relative to the physical stimuli,
Kader (2008) stated that fruit and vegetable flavor depends upon taste, which is
mainly related to sugar and organic acid content and other compounds such as
tannins, polyacetylenes, or phenolic acids, and aroma, related to the odor-active
volatile compounds (esters, alcohols, aldehydes, and ketones). In the matter of flavor
perception, the establishment of relationships between the physical stimuli and
the physiological reaction of humans and between the latter and the sensation
experienced by people upon consuming is not an easy task. This is why it is very
difficult to make predictions as to the possible perceptible differences between
products differing in composition or structure as a result of genetic manipulation,
preharvest, harvest, or postharvest factors (Bartoszewski et al. 2003; Edelenbos
et al. 2006). Even more difficult will be to predict the degree of acceptance by the
consumer.

The study of food flavor requires a multidisciplinary approach combining
information on the following: concentration of both volatile and nonvolatile
compounds with possible influence on flavor, structure and other physical charac-
teristics of the food matrix, physicochemical mechanisms governing release of
tasting and odoring compounds, adequate sensory techniques to ascertain how
flavor is perceived, and how this perception affects the final acceptance of the
product.

In the context of fruit and vegetable breeding programs, sensory analysis plays
an important role as a selection tool (Causse et al. 2001; Hampson et al. 2000; Jaeger
and Harker 2005; Rouseff et al. 1994). Sensory analysis provides, in fact, the ade-
quate methodology to investigate, for example, how different tomato genotypes
(Sinesio et al. 2007) or different apple varieties affect flavor (Gémez et al. 1998) or
how flavor varies depending on genetic modifications (Bartoszewski et al. 2003;
Causse et al. 2001), on breeding or storage conditions (Auerswald et al. 1999; Maul
et al. 2000), or on the ripeness degree on harvesting (Cascales et al. 2005). It should
be noted here that the application of sensory analysis to the evaluation of fruits and
vegetables flavor is not straightforward. It requires a wide knowledge of the differ-
ent experimental methods and of the various possible statistical treatments to be
used in order to choose the most adequate ones. Extensive information is available
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at present on sensory methodology, on the experimental conditions to carry out the
various sensory tests (Lawless and Heymann 1998; Meilgaard et al. 1999), and on
the experimental designs and the statistical treatment applicable to the different
types of data (Gacula 1993; MacFie and Thomson 1994; Meullenet et al. 2007
O’Mahony 1985). This information constitutes the base of the development
and setup of efficient systems to measure and control fruit and vegetable flavor
as required by the particular characteristics of any product (Costell 2002; Hampson
et al. 2000; Muiioz et al. 1992).

This chapter will deal with some of the more relevant aspects of the mechanisms
involved in the release and perception of flavor as well as with the description of
the sensory techniques applicable to the sensory analysis of the flavor of fruit and
vegetables.

FLAVOR RELEASE AND PERCEPTION

Both the release and the perception of flavor are complex processes involving dif-
ferent physicochemical and physiological phenomena (Overbosch et al. 1991; Taylor
2002; Taylor and Roberts 2004). The flavor perception process begins when the
flavoring and odoring molecules are released from the food matrix and travel to
either the taste or the odor receptors located in the mouth and nose, respectively.
The nonvolatile compounds are transported in the saliva to the taste receptors in
the mouth, while the volatile ones are carried in the air to the odor receptors located
in the nose. Then, a process of transduction of the signals detected by the corre-
sponding receptors through the brain occurs, where the flavor sensation experienced
by man is generated.

It is evident that the origin of such a sensation is linked to the presence in the
food of those components capable of stimulating the senses of taste and odor, when
in certain concentrations. A great deal of information on the volatile content of
different fruits and vegetables is available to date. Important advances have been
made during the last decades on the identification of the components of these prod-
ucts having clear effects on their flavor (Maarse 1991). In general, it can be said that
among the hundreds of identifiable compounds for each species, only a few may be
odor active. For example, in fresh tomato, only 30 of the more than 400 identified
volatiles may contribute to its flavor (Azondanlou et al. 2003). Identification of the
compounds responsible for the flavor of any product can be approached in different
ways. For the last years, the gas chromatography olfactometry has been used to
obtain direct information on the relationship between composition and sensory
responses. Different methods for determining relative aroma potency of compounds,
such as Charm analysis, aroma extract dilution analysis, or detection frequency
method, have also been established (Acree and Barnard 1994; Linssen et al. 1993;
van Ruth and O’Connor 2001). In contrast to the behavior of volatile compounds,
the stimuli responsible for taste are nonvolatile and water-soluble chemical com-
pounds, which, on leaving the food matrix, incorporate into the aqueous phase
(saliva) where they get in contact with the human receptors. In fruits and vegetables,
the concentration and type of sugars and organic acids and especially the balance
between them decisively contribute to the product flavor. Other compounds like
isocumarins and phenolics acids may also contribute with a bitter flavor (Kreutzmann
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et al. 2008) and proanthocyanidins and tannins with astringency. Different high-
performance liquid chromatography methods can be used for analyzing this type of
compounds.

All the above-cited methods provide very useful information on the compounds
that could potentially contribute to the flavor, but flavor is not the result of the sum
of both volatile and nonvolatile compounds of a certain fruit or vegetable. In fact,
it depends on the interactions between those compounds and possibly with other
ones and also on the chemical composition and the physical characteristics of the
food matrix. All these factors will certainly condition both the release and the per-
ception during consumption of the taste and odor stimuli contacting the human
receptors. It is well-known that the characteristics and the structure of the matrix
exert a decisive influence on the effective concentration of the chemical stimuli and
on their rate of transport to the receptors. The theoretical bases of the transport
phenomena governing the release of chemical stimuli out of the food matrix, such
as phase partition, mass transport, and diffusion are well defined. The methods used
to monitor diffusion and mass transport of volatile compounds have been recently
described by Cayot and others (2008). However, the study of these processes in the
actual mouth conditions during mastication is far more complex. The food surface
area in contact with saliva and the concentration of both volatile and nonvolatile
stimuli present in the aqueous and air phases undergo continuous changes mainly
due to the continuous movements of the mouth components during mastication and
deglutition. This type of study gets even more complicated, especially in the case of
solid foods, due to the individual differences in respiration rates, in salivation, and
in mastication patterns, all of them affecting the transport of the stimuli to the
receptors. Several theoretical models have been proposed to predict the effect of
the food matrix characteristics on stimuli delivery, but, as commented by Taylor
(2002), none of them are totally validated.

Basic knowledge of the effects of the different factors involved in the release of
stimuli from the food matrix is needed to understand the first phase of the flavor
perception process, related with the transport of chemical stimuli to the receptors.
In the second phase of the flavor perception process, beside the type and concentra-
tion of stimuli reaching the receptors, other factors like individual physiological
characteristics, interactions between sensory modalities, and psychological and cog-
nitive interactions have to be taken into consideration. As stated by Keast and
others (2004), “the flavor of the food/beverage is the result of complex stimulus-
response interactions between a food matrix and human sensory, perceptual and
cognitive processes.” The above-described phenomena would partially explain the
difficulties found when trying to establish a good correlation between a chemical or
instrumental measurement and a set of sensory data. From a practical point of view,
the analysis of the relations between concentration of some volatile and nonvolatile
components, and the perceptible intensity of different sensory attributes can be
useful to better understand the correspondence between both types of variables.
Colaric and others (2005) evaluated and compared the chemical and sensory attri-
butes of fruit of various peach and nectarine cultivars to determine which chemical
compounds correlate best with aroma and taste perceived sensorially. They con-
cluded that sugars/acid ratio, and levels of citric and shikimic acid have significant
impacts on perception of sweetness; total organic acids, sucrose, sorbitol, and malic
acid influence aroma and malic/acid ratio; total sugars, sucrose, and malic acid have
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an important influence on taste. A similar approach was used by Tandon and others
(2003) to develop prediction models for sensory descriptors of fresh tomato flavor
based on volatile and nonvolatile measurements. According to their results, both
volatile and nonvolatile components influenced the aromatic attributes perceived,
but the volatile components provided more consistent relationships.

Another important question is that in most cases, the instrumental data on chemi-
cal compounds concentrations in fruits and vegetables are obtained after submitting
the original products to treatments like grinding, homogenization, or extraction to
improve precision of the results. These treatments undoubtedly decrease the repre-
sentative value of the data with respect to the actual conditions of the presence of
such compounds in the analyzed item. The effect of the nature of the matrix on
flavor release and perception was illustrated by Tandon and others (2000) on study-
ing the influence of the medium of evaluation on odor thresholds of volatile com-
pounds in fresh tomato. They determined the threshold values of 15 volatile
compounds previously identified as important contributors to the aroma of fresh
tomatoes in deionized water; in a mixture of ethanol, methanol, and water; and in
a deodorized tomato homogenate. They observed that different media produced
different thresholds and thus different odor units. Odor thresholds were lower in
deionized water for all compounds and higher in the deodorized tomato for most
compounds. They concluded that in assessing the importance of a volatile com-
pound, it is necessary to first identify the best medium for testing. Logically, the
threshold values determined in the juice or the puree of the corresponding product
will be closer to those perceived by men than those measured in plain water.
The important question to solve here is how similar, both qualitatively and quan-
titatively, is the information obtained in a certain liquid medium to that obtained
from the process of mastication and deglutition of a solid product. Up to now,
only the application of sensory techniques can afford information on this point and
on the effects that interactions among the different chemical, physical, sensory,
and cognitive factors have on fruits and vegetables flavor.

SENSORY MEASUREMENT OF FLAVOR

A good number of sensory tests of variable complexity are available for application
to the sensory analysis of fruits and vegetables. Their detailed discussion is out of
scope of this chapter. They are extensively treated in many general texts, like those
cited above in the Introduction. Good examples are the books of Lawless and
Heymann (1998) or of Meilgaard and others (1999). Besides, the International
Organization for Standardization (ISO) has edited various standards, many of them
of methodological character, on sensory analysis, which can be obtained from www.
iso.org under section 67.240. The use of the sensory methodology in the study of
fruits and vegetables flavor like for any type of foodstuff permits the obtention of
information on three basic questions:

1. Are there any perceptible differences in flavor between samples?
2. If so, in which attribute and in which magnitude are they different?

3. Are there differences in preference or in acceptance of the samples by the
consumer?
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Answer to any of these questions require a different type of sensory test. The
election of the most adequate test depends on the specific objective seeked and on
the available time and particular experimental conditions. The other fundamental
point for a correct sensory analysis of the product flavor is the composition and
characteristics of the panel designed to perform the selected test. The quality of the
data obtained with any measuring instrument mainly depends on the characteristics
of the equipment used, its working efficiency, and its calibration. Similarly, quality
of the sensory data will depend on the methods used to select and train the panelists
and on the correct evaluation of their capacity to perform the desired task (ISO
1993, 2006, 2008).

Difference Tests

The main objective of these tests is to determine if there are perceptible differences
between two samples, but it may also be used to determine the sensorial similarity
between them. The best known and used are the triangle (ISO 2004a) and the duo-
trio (ISO 2004b) tests. These tests are applicable when the nature of the difference
is unknown and they require that the products to be compared are fairly homoge-
neous. The information supplied by discriminant tests in evaluating perceptible
differences in flavor of fruits and vegetables has exploratory character. They can
then be useful, for example, to get a preliminary information on whether certain
preharvest or postharvest treatments or modifications applied to improve yield or
agronomical characteristics of a particular cultivar also produce alteration of the
original product flavor. Evidently, if the result is negative, for example, no percep-
tible differences are found between samples, it can be concluded that the variables
considered do not affect the product flavor. But if the result is positive, for example,
perceptible differences are detected, the next step will be to identify and quantify
those differences and find out whether they have influence on the final response of
the consumer. The difference tests are easy to perform, consume little time, and do
not require a panel of trained judges. In contrast, their practical implementation
may present some inconvenience, especially in two situations: when the samples to
be compared are not integrated by homogeneous products and when the number
of samples is high. Harker and others (2005) analyzed the problems posed by the
natural heterogeneity of fruits and vegetables when trying to establish whether
there are significant differences between two products using the triangle test. They
concluded that the biological variability associated with fruit and vegetable will
often overwhelm attempts to identify statistically significant differences. In case the
number of samples to compare is high, a preliminary information on the possible
detection of perceptible differences can be obtained by a similarity analysis
(Schiffman et al. 1981). In this type of analysis, the assessors evaluate the total per-
ceptible difference in each pair of samples. Differences within a great number of
samples can be detected simultaneously in several directions and an approximation
to their relative magnitude can be obtained with this method. Experimentally, it is
easy to carry out; only its duration may be long if the total number of samples to
compare is high. The main drawback is that the data thus obtained require a specific
multivariant statistical treatment: multidimensional scaling (Schiffman and Beeker
1986). Considering the great variety of factors conforming the fruit and vegetable
flavor and the difficulties inherent to the description and quantification of all the
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sensory attributes involved, the above-described method may be useful to compre-
hensibly ascertain the possible existence of perceptible differences in flavor among
a number of samples.

Another possible method to detect sensory differences is the R-index test. It is
a shortcut signal detection measure that is applicable to the measurement of slight
differences between food stimuli. This index provides the existing probability that
a judge could distinguish a sensory signal from a background noise; the greater the
degree of difference, the higher the probability of distinguishing between them
(O’Mahony, 1983). This test can be carried out by comparing each sample with a
control sample, and identifying whether the first sample is “the control sample,”
“perhaps the control sample,” “perhaps not the control sample,” and “not the control
sample.” The R-index measure can also be applied to multiple difference testing,
using rating or ranking data (Ishii et al. 1992). The statistical significance of each
R-index value can be determined using the tables reported by Bi and O’Mahony
(1995). Recently, the R-index has been successfully used to determine the influence
of wash-water temperature and chlorine concentration on the sensory properties of
cut iceberg lettuce (Delaquis et al. 2004) and to detect the cooked flavor in pasteur-
ized guava beverages (Argaiz et al. 2005).

Descriptive Tests

Several sensory techniques are available to obtain both qualitative and quantitative
information on the perceptible differences in food flavor, the most popular being
the so-called profiles. Sensory profiles are very attractive both in research and in
industrial quality control because they allow, at least theoretically, to get a great deal
of information in an apparently easy manner. The profile is based on the idea that
the sensation produced in humans by consumption of foods is defined by a number
of identifiable attributes and on that the perceptible differences between samples
are due to the different intensity of each attribute in each one of them. This tech-
nique has been shown to be useful to describe and quantify the perceptible differ-
ences among different fruit cultivars like, for example, those of peaches and
nectarines (Colaric et al. 2005) or of tomatoes (Sinesio et al. 2007); to study the
influence of the degree of ripeness on some flavor and texture attributes of a certain
peach variety (Cascales et al. 2005); or to investigate the sensory attributes that
influence consumer perception of apple freshness (Peneau et al. 2007). It has also
been applied to identify the tomato genoma regions related to certain sensory attri-
butes of the fruit (Causse et al. 2001) and to carry out the final selection among
several apple cultivars based on their sensory attributes (Hampson et al. 2000). The
experimental running of sensory profiles is not an easy task. The actual value and
usefulness of the data obtained mainly depend on (1) the selection of terms describ-
ing clear and unequivocably the perceived stimuli, (2) the ability of the judges on
identifying each pair descriptor-sensation and to quantify the intensity of each
attribute, (3) the experimental conditions of the test, and (4) the correct statistical
analysis of the data obtained. On the basis of these four points, several techniques
have been developed in time affording successive improvements. From the pioneer
flavor profile method proposed in 1950 by Cairncross and Sjostrom to the
Quantitative Descriptive Analysis and Spectrum™ method or more recently to the
Free Choice Profile (Meilgaard et al. 1999; Murray et al. 2001), and the Dynamic
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Profile (DeRovira 1996) or the Flash Profile (Dairou and Sieffermann 2002), a long
list of advances have occurred. However, most of these techniques imply the use of
trained and experienced assessors, who normally tend to generate complex and
scientifically orientated terms. The Free Choice Profile is a sensory methodology
developed to avoid these disadvantages. It differs from conventional profiling in the
development of an individual list of terms by each assessor to describe the samples
rather than a common scorecard; but it is similar in that the assessors must be able
to detect the differences between samples, to verbally describe the perceived attri-
butes, and to quantify them (Oreskovich et al. 1991). The assessors only have to be
objective, to be capable of using line scales, and to use their developed vocabulary
consistently (Piggott et al. 1990). One of the advantages of this method is that it
allows one to gather information about cognitive perception directly from consum-
ers (Russell and Cox 2003). A more structured approach of Free Choice Profile has
been developed incorporating the Repertory Grid Method as a previous step. This
method is particularly suited to vocabulary development and can therefore solve
the difficulties in generating sufficient and suitable descriptors, a problem which
usually arises when working with consumers (Gémez et al. 1998; Gonzélez-Tomaés
and Costell 2006; Jaeger et al. 2005).

At present, analysis of the data obtained with descriptive tests provides different
types of information as a function of the specific objectives of the corresponding
study. A graphic representation of the results gives quick and easy information on
the perceived differences within a group of samples. Furthermore, the statistical
significance of the differences in intensity of the evaluated attributes can be ascer-
tained by univariate analysis of variance (O’Mahony 1985). The differences between
samples considering jointly the variability of all analyzed attributes can be treated
by applying principal components analysis or multivariate analysis of variance
(Bieber and Smith 1986).

Preference and Hedonic Tests

Consumer response to a product is mainly defined by (1) a cognitive component,
coming from the knowledge and opinions about a product; (2) an affective compo-
nent, responsible for positive or negative feelings toward a product; and (3) a
behavioral component, involving intentions or actions, defining how willing a con-
sumer is to do something in certain situations. The cognitive component is related
to the information that a person has about an object, the affective component sum-
marizes the general feelings of a person about a product, and the component relative
to an action or intention (behavioral) reflects the intentions of a person about his
or her future behavior. The evaluation of preference or of degree of acceptance of
a food product by consumers is carried out by using qualitative methods and those
whose objective is to investigate consumer attitudes, opinions, and expectations
(Barrios and Costell 2004; Harker et al. 2003), but the most frequently used are the
conventional quantitative methods. Among the three classical methods (paired pref-
erence, ranking preference tests, and hedonic scale), the paired comparison is pre-
ferred because it offers a clear approach and a clear and unequivocal data analysis
(ISO 2005). The analysis of the information obtained with ranking tests is initially
based on establishing the possible statistical significance of the differences between
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ranking sums using the Friedman analysis of variance, and the data obtained with
the hedonic scale is based on the significance of the average values of the
scores assigned to samples, as determined by applying the parametric analysis of
variance (O’Mahony 1985). Validity of the results obtained with the latter methods
depends on the homogeneity and unidirectionality of the preference or acceptance
criteria of the participating consumers. In general, variability of data is high and
nullifies the desired homogeneity, which may lead to false conclusions. When
the individual responses come from consumers with different preference criteria,
the average values obtained from the whole population tested do not reflect the
actual situation. Average results are not correctly interpreted if the individual
differences are ignored.

To study the individual differences, the average values from the whole group of
consumers must be substituted by the analysis of the average values provided
by subgroups, created by some classical segmentation criteria like sex, age, and
frequency of consumption. Another possibility is to establish the subgroups of con-
sumers as a function of their preferences. Several techniques can be used
for the formation of the subgroups: grouping those consumers preferring the same
products by applying cluster analysis to the acceptance data or considering the
influence of the product sensory attributes variation on its acceptance. Another
alternative method to study the structure of this type of data is to construct internal
preference maps, a variant of the principal components analysis, in which the
samples are represented by points and the consumers by vectors (Greenhoff and
MacFie 1994).

The subgroups of consumers coinciding in the preferred samples are located
as a function of the position of vectors in the map. The latter approach differs
from the previous ones described in that the basic information considered is
the integrated reactions of individual consumers, originated by the simultaneous
perception of the different stimuli. In this way, the subgroups are formed by con-
sumers showing homogeneous preference criteria. In the following step, from the
analysis of the relationships between the dimensions of preference and the values
assigned to the different sensory attributes integrating the samples profile,
information can be obtained on the relative influence of each attribute on the
acceptance criteria of each consumer subgroup (Costell et al. 2000; Greenhoff and
MacFie 1994).

Jaeger and others (2003) used the internal preference map to investigate the
preference criteria of consumers applied to eight kiwi genotypes and concluded that
the consumer population studied showed different responses to the different geno-
types. Particularly, two of the genotypes were acceptable to one of the consumer
subgroup and not to another one. Carbonell and others (2008) correlated the inten-
sity data of 14 sensory attributes evaluated by a trained panel on apples from dif-
ferent varieties with acceptability data from a panel of 99 consumers. They projected
the sensory attributes as vectors on the space obtained from the consumer data by
the internal preference map. The results obtained showed that a subgroup of con-
sumers preferred crispy, hard, and acid apples, whereas the other group preferred
sweet and aromatic apples. The practical usefulness of this segmentation criterion
is based on the fact that within a group of consumers, three or four different prefer-
ence tendencies can be identified.
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CONCLUSIONS

Sensory analysis constitutes an indispensable tool to obtain information on those
aspects of food quality to which any other analytic technique can be applied. In the
particular case of fruits and vegetables, flavor sensory analysis is needed to know in
which extent the changes in composition or structure affect the perceived flavor.
Another interesting point is the possibility of analyzing the relationship between the
sensorially perceived changes and the consumer response. Providing consumers with
fruits and vegetables that meet their requirements about flavor will undoubtedly
increase consumption.
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For thousands of years, microbial processes have played the decisive but unrecog-
nized role of producing more desirable foods and beverages for mankind such as
bread, cheese, beer, wine, and soy sauce. It was in 1923 when the first scientific review
on microbial flavors appeared (Omelianski 1923).

Nowadays, biotechnological production of flavor compounds is a mature disci-
pline in the chemical industry, with an estimated 100 molecules in the market pro-
duced by enzymatic or microbial processes (Gatfield 1999). The predominant driving
force was and still is the fact that flavor compounds produced from natural raw
materials by microbial or enzymatic methods can be labeled “natural” in accordance
with European and U.S. legislations, thereby satisfying the unbroken consumer
trend toward all “bio” or “natural” products in the food sector (Schrader 2007).

Among the natural flavor molecules with microorganisms are some real bulk
products, such as amino acids and organic acids manufactured on the million-ton
scale, but the majority of the target compounds are produced for highly specific
applications and thus are rather niche products with market volumes below
1ton/year. Here, industry avoids costly research and development effort to establish
more sophisticated processes owing to the limited market volume of these products.
Nevertheless, some natural flavors that have a broader application are produced in
amounts of around one to several tons per year, such as vanillin, 2-phenylethanol,
and 4-decanolide. These flavor compounds have an increasing market owing the
steadily improved bioprocesses.

The biotechnological approach implies additional advantages. Flavors are bio-
active compounds, and the known effects of chirality on odor perception suggest
the use of biocatalysts. Further advantages associated with the biotechnological
principle are independence from agriculture and possible shortages caused by
local conditions of production (climate, diseases, pesticides, fertilizers, trade restric-
tions, sociopolitical instabilities), and ability for scaled-up and industrial-scale pro-
duction using engineered pathways, upregulated metabolisms, and gentle product
recovery to create an inexhaustible source of homogenous, well-defined product and
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responsible care of natural resources in developing countries (Krings and Berger
1998).

Essential oils of higher plants, fruit juices, vegetable extracts, and very few
products of animal origin (amber, musk, zibet) were, for a long time, the sole sources
of natural flavors. Biotechnological options comprise single-step biotransformations,
bioconversions, and de novo synthesis with microorganisms, plant cells, and bioca-
talysis (Krings and Berger 1998).

1. De Novo Synthesis. Fermentation process, also known as de novo synthesis, impli-
cates the production of flavor compounds using simple culture media, without
the addition of any special carbon source. This method uses the entire metabolic
arsenal from the microorganism and, in general, produces a mix of several flavor
compounds, which are important for the formation of the “bouquet” of the
product (Berger 1995). Although for a multitude of microorganisms, the meta-
bolic potential for de novo flavor biosynthesis is immense and a wide variety of
valuable products can be detected in microbial culture media or their headspaces,
the concentrations found in nature are usually very low for commercial applica-
tions. Exceptions to the rule can be found, where the flavor compounds are
derived from primary metabolism as in the case for some nonvolatile compounds
(Schrader 2007).

Whole cells catabolize carbohydrates, fats, and proteins, and further convert
the breakdown products to more complex flavor molecules, a property that is
traditionally used during the production of fermented foods with their amazing
number of flavor chemicals compounds (Engels and Visser 1994, Imhof and
Bosset 1994, Jeon 1994, Hamada et al. 1991, Maarse 1991, and Pinches 1994 as
cited in Krings and Berger 1998). Starter cultures produce primary metabolites
in considerable amounts but only traces of more complex aroma chemicals.
For example, very efficient lactic acid producers contribute to dairy flavors.
Small amounts of chemically quite different volatile flavors, such as short-chain
alcohols, aldehydes, ketones, methyl ketones, and acids, as well as pyrazines,
lactones, and thiols, are formed concurrently (Cogan 1995 and Imhof and Bosset
1994 as cited in Krings and Berger 1998). Rapid and continuous lactic acid
formation should now be taken for granted, and more attention should be paid
to starter cultures with enhanced flavor potential. However, an immediate
improvement is often prevented by a lack of metabolic knowledge (Krings and
Berger 1998).

2. The second bioprocess for flavor production is biotransformation. Biotrans-
formation is the conversion of a compound into the product using living plant
cells, enzymes, or microorganisms. According to Berger (1995), biotransformation
is defined as a reaction capable of catalyzing the transformation of the substrate
in one single step. On the other hand, bioconversion happens with two or more
biochemical steps, although there are controversies around these concepts being
different in the literature. At any rate, bioconversion or biotransformation is a
concept that refers to the synthesis of one or more compounds of flavor through
the addition of precursors in the culture media. This strategy to obtain a deter-
minate product works by the action of constitutive or inducible enzymes, some-
times in just one-step reactions (Berger 1995).



FERMENTATION AND FRUIT FLAVOR PRODUCTION 61

The biocatalytic conversion of a structurally related precursor molecule is
often a superior strategy, which allows the accumulation of a desired flavor
product to be significantly enhanced. As a prerequisite for this strategy, the pre-
cursor must be present in nature, and its isolation in sufficient amounts from the
natural source must be easily feasible in an economically viable fashion.
Inexpensive, readily available, and renewable natural precursors, such as fatty or
amino acids, can be converted to more highly valued flavors.

3. The third process that can be employed to obtain bioflavors is biocatalysis.
Biocatalysis competes best with chemical catalysis in the following types of
reactions:

. resolution of chirality,
- functionalization of chemically inert carbons,

- selective modifications of one functional group in multifunctional molecules,
and

- resolution of racemates.

Since techniques like enzyme immobilization, among others, were developed
to increase the stability of microbial enzymatic process, the role that enzymes
would have on the flavor industry was clear. Biocatalysis has a wide range of
applications on aroma production. The enzymes can be used directly on the food
as additives, as well as to provide or free aromas of the product and to avoid
undesirable aromas caused by some compounds (Macedo 1997).

The enzymes present in the process of aroma production in food can be endog-
enous (belong to the food) or enzymes from microbial sources. For example,
lipases from Rhizopus sp. can be used as biocatalyst for the synthesis of esthers
derived from fat acids and short-chain alcohols, both known as important aroma
compounds (Macedo 1997).

4. Production of Flavors by Plant Cell and Tissue Culture. The first experiments
with plant tissue culture were developed more than 100 years ago (by Haberland
in 1902), but the utilization of it to the aroma production began only in the 1970s
(Hrazdina 2006).

This method has advantages when compared with the production of aromatic
compounds by traditional agriculture. Plant cultivation depends on the season,
while cell plant cultivation provides a system that works all year and is not
dependent on the climate, season, place, and so on. Cells can be induced to
produce the interesting metabolite to be obtained directly on the culture media
or in the cells (Murashige and Skoog 1962). Even so, the process of aroma pro-
duction from plant cell cultivation has its limitations. Some species are quite
difficult to grow in vitro (Berger 1995).

There are several published works on the last decade on bioflavor production,
using at least those processes described above. The scope of this chapter is to give
an overview of the studies for the production of fruits aroma through de novo syn-
thesis and biotransformation.

In Figure 4.1, microbial routes from natural raw materials to and between natural
compounds are depicted.
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Figure4.1. Microbial routes from natural raw materials to and between natural flavor compounds (solid arrows). Natural raw materials are depicted
within the ellipse. Raw material fractions are derived from their natural sources by conventional means, such as extraction and hydrolysis (dotted arrows).
De novo indicates flavor compounds that arise from microbial cultures by de novo biosynthesis (e.g., on glucose or other carbon sources) and not by
biotransformation of an externally added precursor. It should be noted that there are much more flavor compounds accessible by biocatalysis using free
enzymes that are not described in this chapter, especially flavor esters by esterification of natural alcohols (e.g., aliphatic or terpene alcohols) with natural
acids by free lipases. For the sake of completeness, the C6-aldehydes are also shown although only the formation of the corresponding alcohols involves
microbial cells as catalysts. The list of flavor compounds shown is not intended to be all embracing but focuses on the examples discussed in this chapter.
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BIOTRANSFORMATION PROCESS

Recently, various flavor compounds, such as alcohols, aldehydes, esters, lactones, and
terpenes, produced by microorganisms by biotransformation, including bacteria,
yeasts, and fungi, have been isolated (Table 4.1).

Lactones are essential materials in processing foods and are increasingly used in
the food industry. This has led to numerous patents being taken out, and nowadays,
the biotechnologically produced lactone family is mainly represented by 7y-
decalactone (DECA), but also to a smaller extent by y-dodecalactone and -
octalactone. These compounds exist in small quantities in some fruits, exuding the
characteristic sweet smell as that of peach, damson plum, and coconut.

d-Decalactone is an aroma compound of industrial interest that can be produced
biotechnologically by some microorganisms.

Nago and others (1993) studied the degradative pathway of 5-alkanolides
(alkano-d-lactones) and 2-deceno-d-lactone (massoialactone) by Fusarium solani
PM-1, a massoialactone-producing fungus. Alkano-8-lactones were shown to be
degraded first to a one-carbon-atom-less methyl ketone, 4-hydroxy-2-alkanones,
after hydroxylation.

Esaki and others (1994) isolated 160 bacterial strains from the soil, which are
tolerant to high concentrations of oleic acid, and examined their ability to transform
oleic acid to new fatty acid derivatives. One of the isolated strains, Alcaligenes sp.
5-18, produced several compounds from oleic acid: 3-hydroxyoleic acid, 3-hydroxy-
hexadecenoic acid, octadecadienoic acid, hexadecadienoic acid, and tetradecadie-
noic acid. These compounds are intermediates in the f-oxidation pathway of oleic
acid, and their accumulation is probably due to defective B-oxidation of oleic acid
in the microorganism. Neither hydroxy nor enoic derivatives of fatty acids with a
carbon chain length shorter than 14 were produced.

Sporobolomyces odorus produces DECA and cis-6-dodecen-4-olide, substances
which exhibit odors characteristic of peaches and lamb meat (mutton), respectively.
The growth and production of DECA by S. odorus in broth to which fatty acids or
oils had been added were investigated. The addition of decanoic acid or dodecanoic
acid to the culture reduced the growth and production of DECA by S. odorus.
Without affecting the growth, the presence of Miglyol oil reduced the yield, whereas
the addition of castor oil enhanced the production of DECA by S. odorus. The
greatest enhancement, with a yield of 8.62mg/L of DECA, about six times that in
the control broth, was noted when 3% castor oil was added after 24 h of cultivation.
On the other hand, the fatty acids and oils tested either reduced or had no effect
on the production of cis-6-dodecen-4-olide by S. odorus (Lee and Chou 1994).

Researchers followed these experiments with the production of DECA by
S. odorus in a 5-L fermentor with a working volume of 2L in culture medium modi-
fied YNB containing 0.06% ricinoleic acid with the addition of an appropriate
amount of castor oil hydrolysate. A maximum yield of DECA of 54.6mg/L was
noted after 120h of cultivation. A significant increase in the maximum yield of
DECA was noted in fed-batch culture of S. odorus. The maximum yield of DECA
increased with the number of castor oil hydrolysate feedings. Fed-batch cultivation
of . odorus with additions of castor oil hydrolysate on the third, fourth, and fifth
day of cultivation resulted in a maximum yield of 208 mg/L DECA, which was noted
after 7 days of cultivation.
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TABLE 4.1. Fruit-Type Flavors Production by Biotransformation

Compounds

Odor Assessment

Microorganisms

References

v-Octalactone
v-Nonalactone
v-Decalactone

v-Undecalactone
A-Decalactone
A-Decalactone
2-Deceno-6-lactone
6-Pentil-a-pirone
Massoialactone
3-Hydroxyoleic acid,
3-hydroxyhexadecenoic
acid, octadecadienoic
acid, hexadecadienoic
acid, and
tetradecadienoic acid
y-Decalactone and
cis-6-dodecen-4-olide

v-decalactone

v-decalactone

Methyl anthranilate

Acetophenone
p-Methyl-acetophenone
p-Methyl-benzyl alcohol
Methyl-benzoato
Ethyl-benzoato
Methyl-cinnamate
Raspberry ketone
6-Pentyl-a-pyrone

v-Decalactone
v-Octalactone and

v-decalactone
Lactone

v-Decalactone

v-Decalactone

Fruits, coconut

Peach

Peach, damson
plum

Damson plum

Peach, coconut

Peach

Coconut

Coconut

Fruits

Fruits

Peaches

Fruits

Fruits

Orange blossom,
wood
strawberry

Orange blossom

Fruity

Fruity

Fruity

Fruity

Fruity

Raspberry

Coconut-like

Fruits
Fruits

Fruits
Fruits

Fruits

Fusarium solani
Alcaligenes sp.

Sporobolomyces
odorus

Sporidiobolus
salmonicolor,
Sporidiobolus
ruinenii

Sporidiobolus: S.
salmonicolor, S.
ruinenii, S.
johnsonii, and S.
pararoseus

Trametes sp.,
Polyporus sp.

Polyporus sp.
Polyporus sp.
Polyporus sp.
Polyporus sp.
Polyporus sp.
Polyporus sp.
Nidularia sp.
Trichoderma

harzianum

Yarrowia lipolytica

Piptoporus
soloniensis

Yarrowia lipolytica

Geotrichum sp.
and G. fragrans
Yarrowia lipolytica

Maga (1976)
Maga (1976)
Maga (1976, 1995)

Maga (1976)

Maga (1976)

Dufossé and others (1994)
Dufossé and others (1994)
Collins and Halim (1972)
Nago and others (1993)
Esaki and others (1994)

Lee and Chou (1994), Shi
and others (1995), Lin
and others (1996)

Feron and others (1996)

Dufossé and others (1998)

Lomascolo and others
(1999)

Sarhy-Bagnon and others
(2000), Galindo and
others (2004), Rocha-
Valadez and others (2006)

Waché and others (2002)

Okamoto and others
(2002)

Groguenin and others
(2004)

Neto and others (2004)

Aguedo and others (2005)
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Lin and others (1996) studied the influence of sodium salts of palmitic, stearic,
oleic, linoleic, and ricinoleic addition during the fermentation, in various concentra-
tions, in a culture medium to DECA production by §. odorus. The growth behavior
of S. odorus in a medium containing 0.06% palmitic, stearic, or oleic acid was
observed to be similar to that in a medium lacking these acids. However, the growth
of S. odorus was partially inhibited in the presence of linoleic acid or ricinoleic acid.
Addition of palmitic, stearic, oleic, or linoleic acid to the medium reduced the yields
of DECA as determined after 168h of cultivation. The concentration of ricinoleic
acid, as well as the time of addition, was also observed to affect the amount of
DECA produced by fungi. When 0.06% ricinoleic acid was added to the medium
at the beginning of cultivation, a maximum yield of approximately 135.4mg/L
DECA was obtained after 216 h of cultivation.

The levels of lactone production in the presence of high concentrations
of ricinoleic acid methyl ester differed in the two Sporidiobolus species. During
the bioconversion of ricinoleic acid to DECA under controlled pH conditions,
Sporidiobolus salmonicolor produced only the lactone form, while Sporidiobolus
ruinenii produced both the lactone form and a precursor (Feron et al. 1996).

Dufossé and others (1998) studied the bioconversion of ricinoleic acid methyl
ester to DECA with four species of Sporidiobolus: S. salmonicolor, S. ruinenii,
Sporidiobolus johnsonii, and Sporidiobolus pararoseus. When cells reached the
stationary phase, the desired volume of methyl ricinoleate was added to the medium
to initiate the bioconversion process. With 4.1g/L of ricinoleic acid methyl ester,
only S. salmonicolor and S. ruinenii were able to produce DECA (12 and 40g/L,
respectively). During four successive batch cultivations in a 7-L bioreactor, 5.5g/L
of DECA was produced with S. ruinenii in each 10-day run.

Sarhy-Bagnon and others (2000) compared the production of 6-pentyl-o-pyrone
(6-PP), a compound that has a strong coconut-like aroma, by Trichoderma harzia-
num in liquid and in solid-state cultivation (LC and SSC). The same liquid medium
was used to impregnate sugarcane pith bagasse, used as support in SSC. The
maximum concentration of 6-PP produced by T. harzianum in SSC was 2.8 mg
(g dry cell mass)™ equivalent to 0.9 g/L of impregnation medium, which is 17 times
higher than that obtained in LC. The glucose consumed to yield 6-PP in SSC was
52mg (g glucose)™, eight times higher than that found in LC.

Production of DECA by Yarrowia lipolytica was investigated in conditions
of growth using methyl ricinoleate as the only carbon source. The production
of DECA was studied using a genetic engineering of the strain and wild type.
Cells were cultured at 27°Cin 500-mL Erlenmeyer flasks containing 200 mL medium
and agitated at 140rpm for the comparison of the various strains. The wild
type produced DECA rapidly in the first 12 h, reaching concentrations of 71 mg/L,
and then reconsumed it. The genetic engineered strain produced DECA slowly
but steadily during 4 days to a concentration of 150mg/L DECA (Waché et al.
2002).

A wild strain of brown-rot basidiomycete Piptoporus soloniensis produced a
sweet flavor similar to tropical fruits in liquid cultures. The major and minor com-
pounds were identified to be DECA and y-octanolactone by gas chromatography
(GC)-mass spectrometry analysis, respectively. The growth and production of
DECA by P. soloniensis in broth to which fatty acids had been added were investi-
gated. The addition of 12-hydroxystearic acid and ricinoleic acid to the culture
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markedly enhanced the production of DECA. On the other hand, the addition of
myristic acid, palmitic acid, stearic acid, and oleic acid to the culture resulted in a
higher production of y-octanolactone. The addition of hexanoic acid, octanoic acid,
decanoic acid, lauric acid, linoleic acid, and linolenic acid to the culture reduced the
growth of P. soloniensis and the production of DECA and y-octanolactone.

The yeast Y. lipolytica possesses five acyl-CoA oxidases (Aox1p to 5), the enzyme
catalyzing the first reaction of B-oxidation. It was observed that Aox4p exhibits a
slight activity on a broad spectrum of substrates and that it is involved in lactone
degradation. Its growth was only slightly altered, and it produced 10 times more
lactone than the wild type in 48h (Groguenin et al. 2004).

The production of DECA by Geotrichum species in broth, to which enzymatically
hydrolyzed castor oil had been added, was investigated.

The study of different microbial lipases, aimed at producing the best hydrolyzed
oil for use as a precursor for the production of DECA, was also studied. The greatest
enhancement of DECA production was noted, with a yield of 600 mg/L, when 5%
of hydrolyzed castor bean oil was added to the medium and fermented by Geotrichum
fragrans for 96h.

Two strains of a Geotrichum sp. and G. fragrans were used in bioconversion
studies using castor bean oil hydrolyzed by Alcaligenes sp. lipase. These strains were
previously studied for lipase and flavor production in the authors’ laboratory
(Macedo 1997; Pastore et al. 1994; Sousa 1996). These microorganisms produce
decalactone, which exhibits odors characteristic of fruit and chocolate derivatives.

Bioconversion by strains of a Geotrichum sp. and G. fragrans was compared with
respect to the yield of DECA. This study concluded that both strains are good
potential producers of DECA. In spite of the good results obtained using both
strains, G. fragrans showed the best yields of DECA under the conditions tested.

The results showed that the addition of ricinoleic acid or hydrolyzed castor bean
oil to the culture medium enhanced DECA production. Hydrolyzed castor oil and
its fatty acid derivatives proved to be effective precursors of DECA by either
Geotrichum sp. or G. fragrans. The best conditions tested were a medium containing
20g/L. of glucose, 1% of autolyzed yeast, and 5% of hydrolyzed castor oil, with
incubation at 30°C for 96h, producing 600mg/L of DECA by G. fragrans (Neto
et al. 2004).

6-PP is a coconut-like aroma compound of interest in the food industry and can
be produced by fermentation. Galindo and others (2004) studied the production of
6-PP by T. harzianum. The fungus grew as loose aggregates, being smaller at the
highest agitation rate. In baffled flasks, loose aggregates were only observed at the
lowest agitation speed (100rpm). At higher speeds, nearly 90% of the total biomass
was attached on the surface of the flask’s wall. The remaining biomass (suspended
in the liquid) was in the form of macroscopic pellets. 6-PP titer in baffled flasks
cultures was maximum (96 mg/L) at 100rpm and decreased at higher agitation rates
(Galindo et al. 2004).

Y. lipolytica converts methyl ricinoleate to d-decalactone, a high-value fruity
aroma compound. The yeast was grown in 600-mL stainless steel high-pressure
bioreactor and 2-L. bioreactors containing a culture medium composed of 10g/L
methyl ricinoleate, 6.7 g/L yeast nitrogen base, 2.5g/L. NH,Cl, and 1g/L Tween &0.
The fermentation in the pressurized reactor was carried out at 400 rpm and aeration
rate of 0.9vvm, while agitation rates of 300 and 600rpm and aeration rates of
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0.3-1.8vvm were used in bioreactors. The highest amount of 3-hydroxy-c-
decalactone produced by the yeast was 263 mg/L (Aguedo et al. 2005).

Rocha-Valadez and others (2006) studied an extractive fermentation process for
6-PP production by 7. harzianum, which was scaled up from 500-mL shake flasks to
10-L stirred tank bioreactors, keeping the volumetric power drawn constant. The
researchers obtained 230 mg/L of 6-PP.

DE NOVO SYNTHESIS FOR FRUITY FLAVOR PRODUCTION (TABLE 4.2)

A yeast strain, isolated and selected by Marques (1998) was identified as Pichia
membranaefaciens. This yeast was tested under several conditions, such as variation
of the culture medium composition, pH, temperature, and incubation time, with the
objective of producing fruit flavors, specially ethyl acetate, a compound that has a
similar aroma of banana. For this purpose, the following carbon sources were

TABLE 4.2. Fruit-Type Flavors Production by De Novo Synthesis

Compounds Odor Assessment Microorganisms References
Ethyl acetate, propyl Peach, banana, Ceratocystis Bluemke and
acetate, isobutyl acetate, pear, or citrus moniliformis others (2001)
isoamyl alcohol, isoamyl
acetate, citronellol,
geraniol, and nerol
Ethyl esters Fruity Geotrichum Daigle and
candidum others (1999)
ATCC 62217
Acetone, ethyl acetate, Fruity and sweet Non-identified Uenojo and
ethanol, isobutanol, microorganisms Pastore
isopentyl alcohol (amyl (2006)
alcohol), acetoin
(3-hydroxy-2-butanone),
acetic acid, isobutyric
acid, butyric acid,
2-methyl-butanoic acid,
benzyl alcohol, and
2-phenyl ethanol
Ethyl acetate, ethanol, and Peach, pineapple, Ceratocystis Uenojo and
acetaldehyde banana, and fimbriata Pastore
citrus (2006)
Ethyl acetate, ethanol, and Fruity Kluyveromyces Medeiros and
acetaldehyde marxianus others (2000)
Ethyl acetate, isobutanol, Banana and K. marxianus Marques
1-butanol, ethyl fruity (1998)

propionate, iso-amyl
alcohol, n-amyl alcohol,
iso-amyl acetate, n-butyl
acetate, ethyl caproate,
phenylethyl alcohol
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selected on the tests with the best results: glucose, fructose, and mannose; and as
nitrogen sources, autolyzed yeast and yeast extract. The main volatile compounds
produced by P. membranaefaciens on the selected media were ethyl acetate, isobu-
tanol, 1-butanol, ethyl propionate,iso-amyl alcohol, n-amyl alcohol, iso-amyl acetate,
n-butyl acetate, ethyl caproate, and phenylethyl alcohol. These compounds were
analyzed by GC and identified by GC—mass spectrometry. The production of volatile
compounds by P. membranaefaciens was influenced mainly by the culture medium
composition and incubation time and temperature. The maximum yields of each
compound were registered under several fermentation conditions. However, for
most of the volatile compounds formed, the incubation presenting the greatest yield
of the volatile compounds was 72h of incubation at 30°C.

The synthesis of ethyl acetate begins already in the active phase. The different
compounds reach an optimum each at a distinct moment. The results showed that
the culture medium composition, the fermentation conditions, and the choice of the
strain determine the nature and the proportion of each volatile compound (Marques
1998). The author concluded that there are interesting possibilities in using P. mem-
branaefaciens for the biosynthesis of ethyl acetate.

Daigle and others (1999) studied eight commercial yeast strains based on their
aromatic potential to valorize bread by-products. The Geotrichum candidum
ATCC 62217 was selected among cheese-ripening strains and other G. candidum-
type strains and formed high concentrations of fruity aroma in a medium prepared
with waste bread (35% solids). High concentrations of specific ethyl esters were
produced after fermentation for 48—72 h, which corresponded to the stationary phase
of growth and was related to the assimilation of organic acids. Aeration of the growth
medium was essential, and better results were obtained at 30°C compared with 20°C.

Several microorganisms, including bacteria and fungi, are currently known for
their ability to synthesize different aroma compounds. Attempts to use these micro-
organisms in submerged fermentation (SMF) resulted in low productivity of aroma
compounds, which hampered the industrial application of these processes. Solid-
state fermentation (SSF) could be of high potential for this purpose. One approach
in this regard could be to use tropical agro-industrial residues such as cassava
bagasse, sugarcane bagasse, coffee husk, and coffee pulp. Production of aroma
compounds in SSF using naturally occurring substrates could offer potential benefits
in production of food and fruity aroma compounds for human consumption at low
cost (Pandey et al. 2000).

One major difficulty in this regard, however, remains the isolation and recovery
of compounds produced, especially if the compounds have low boiling points. A few
attempts have been made in this regard by trapping such compounds in suitable
inert materials such as resins by adsorption. However, much remains to be done in
this area. Fungi from the genus Ceratocystis produce a large range of fruit-like or
flower-like aromas (peach, pineapple, banana, citrus, and rose), depending on the
strain and the culture conditions. Among the genus, Ceratocystis fimbriata has a
great potential for ester synthesis. It grows rapidly, has a good ability to sporulate,
and produces a wide variety of aromas. The study evaluated the potential of several
agro-industrial residues such as cassava bagasse, apple pomace, amaranth, and
soybean using a strain of C. fimbriata. All media supported fungal growth. While
amaranth medium produced pineapple aroma, media with other substrates pro-
duced strong fruity aroma (Pandey et al. 2000).
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Aroma production was growth-dependent, and maximum intensity was detected
a few hours before or after the maximum respirometric activity. Production of
strong pineapple aroma was also reported when SSF was carried out using coffee
husk as substrate by this strain. Medeiros and others (2000) cultivated a strain of
Kluyveromyces marxianus in SSF using different solid substrates such as cassava
bagasse, giant palm bran, apple pomace, sugarcane bagasse, and sunflower seeds.
The feasibility of using cassava bagasse and giant palm bran as substrates to produce
fruity aroma was confirmed, although the former proved to be superior. Esters are
the source of the aromas (Pandey et al. 2000).

Pyrazines, especially alkylpyrazines, are heterocyclic compounds found in a wide
variety of foods, which possess a nutty and roasty flavor. These compounds are used
as food additive for flavoring. The production of 2,5-dimethylpyrazine (2,5-DMP)
and tetramethylprazine (TTMP) was studied using Bacillus natto and Bacillus
subtilis, respectively, on soybeans in SSF. Results demonstrated the suitability of SSF
for the production of these compounds (Pandey et al. 2000).

A very interesting example of these studies cited above is fruit aroma production
in SSF, using K. marxianus. Five agro-industrial residues were evaluated as substrate
for cultivating a strain of K. marxianus. The results proved the feasibility of using
cassava bagasse and giant palm bran (Opuntia ficus indica) as substrates to produce
fruity aroma compounds by the yeast culture. In order to test the influence of the
process parameters on the culture to produce volatile compounds, two statistical
experiments were performed. The parameters studied were initial substrate pH,
addition of glucose, cultivation temperature, and initial substrate moisture and
inoculum size. Using a 2° factorial design, the addition of glucose and initial pH of
the substrate was found to be statistically significant for aroma compound produc-
tion on palm bran. Although this experimental design showed that the addition of
glucose did not have a significant role with cassava bagasse, the 2 factorial design
revealed that glucose addition was significant at higher concentrations. Headspace
analysis of the culture by GC showed the production of 9 and 11 compounds from
palm bran and cassava bagasse, respectively, which included alcohols, esters, and
aldehyde. In both cases, two compounds remained unidentified, and ethyl acetate,
ethanol, and acetaldehyde were the major compounds produced. Esters produced
were responsible for the fruity aroma in both cases. With palm bran, ethanol was
the compound produced at the highest concentration, and with cassava bagasse
(both supplemented with 10% glucose), ethyl acetate was produced at the highest
concentration, accumulating 418 and 1395 umol/L/headspace/g substrate in 72h,
respectively (Medeiros et al. 2000).

The same research group developed another study, in which the ability of two
different strains of C. fimbriata for fruity aroma production by SSF was tested on
coffee pulp and coffee husk complemented with glucose as substrates. Headspace
analysis of the culture by GC showed that 12 compounds were produced with coffee
husk. Maximum total volatile (TV) concentration was reached after 72h of culture
with coffee husk as substrate (28 umol/L/g). Ethyl acetate, ethanol, and acetaldehyde
were the major compounds produced, representing 84.7%, 7.6%, and 2.0% of TV,
respectively. A pretreatment with heat (100°C/40min) of substrates did not improve
TV production. Respirometry analysis was used to determine the growth of
the culture by measuring carbon dioxide produced. Results showed that the CO,
production follows the aroma production. This result shows the great potential of
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using coffee pulp and coffee husk as substrates to microbial aroma production by
SSF (Medeiros et al. 2000).

Filamentous fungi are an important source for flavoring compounds. In particular,
the genus Ceratocystis produces a wide range of complex aromas, that is, peach,
banana, pear, rose or citrus, depending on the strain and environmental conditions.
Aroma compounds were produced in culture broth concentrations below 100 ppm
(w/w); the following substances were identified: ethyl acetate, propyl acetate,
isobutyl acetate, isoamyl alcohol, isoamyl acetate), citronellol, geraniol, and nerol
(Bluemke et al. 2001).

Several microorganisms were isolated from coffee seeds and leaves, soil taken
from plantations, and wastewater from the coffee seeds washing process due to their
capacity to produce pectinolytic enzymes in clear halos around colonies by plate
assay. From 104 strains, 18 strains were inoculated in a medium containing pectin
as carbon source and were fermented at 30°C and 100rpm for 96h to determine
pectinolytic activity of polygalacturonase (PG) and pectin lyase (PMGL). The
strains 2, 9, 20, 39, 70, 74, and 99 showed activity units of PG higher than 80umol
galacturonic acid/mL/min, and strains 17, 18, 31, 37, 73, 74, and 125 showed activity
units of PMGL higher than 1000 mol unsaturated products/mL/min. The microor-
ganisms 13,70, 73,74, 125, and 144 showed good descriptors of flavor perceived and
the most intensities of flavor according to nontrained panel listing. The microorgan-
isms 70, 73,74, and 144 were selected to perform fermentation in a medium contain-
ing coffee husk and grape bagasse at 25°C and 100rpm for 120h, because these
microorganisms are able to produce flavor by pectin degradation. In both media,
the flavor compounds showed descriptors as fruity, sweet, floral, fermented, acidic,
and solvent-flavored.. The compounds were separated and identified by GC and
mass spectrometry. Acetone, ethyl acetate, ethanol, isobutanol, isopentyl alcohol
(amyl alcohol), acetoin (3-hydroxy-2-butanone), acetic acid, isobutyric acid, butyric
acid, 2-methyl-butanoic acid, benzyl alcohol, and 2-phenyl ethanol were produced
in different combinations and different concentrations by the four microorganisms
(Uenojo and Pastore 2006).

CONCLUSIONS

The production of flavors and aroma molecules by fermentation processes has
become more or less routine. But until the regulation mechanisms of biosynthetic
pathways are thoroughly understood, increased levels of desired metabolites will be
achieved only randomly by bioprocesses. Nevertheless, the few examples presented
here have demonstrated that fermentation processes have been quite successful for
the production of flavors and have great potential.
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INTRODUCTION

The effect of environmental factors on plant development, fruit set and growth,
yield, and some quality attributes of fruits has been studied for many years, but the
influence of these factors in flavor components, particularly aroma volatiles, started
to be investigated more actively only in recent years when new and more efficient
analytic procedures for volatile organic compounds became available. Techniques
such as solid phase microextraction, a fast solvent-free extraction technique (Yang
and Peppard 1994) facilitating the isolation of a large number of aroma volatiles
from fruit samples, are now widely used. The study of environmental factors on
flavor quality is relevant for the industry of fresh produce since fruit flavor plays an
important role in consumer satisfaction and influences subsequent consumer pur-
chases. In many markets, the demand for well-flavored fruits is growing, and the
number of consumers who are willing to pay more for these high-quality fruits is
increasing (Carbonell-Barrachina et al. 2006; Maul et al. 2000; Mitcham 1996).
Sugars and organic acids, frequently evaluated through soluble solid content
(SSC) (or °Brix) and titratable acidity (TA), along with a large number of aroma
compounds, are considered primary components of the flavor of fruits. These con-
stituents, present in fruit tissues in very variable concentrations from parts per
hundred to parts per trillion, individually elicit sensory responses recognized as
flavor once they are integrated in the brain. These flavor constituents and their
precursors accumulate during fruit growth and subsequently change during ripening
and/or senescence. Both the accumulation and transformation of fruit flavor com-
ponents are largely determined by cultivar genotype and maturity stage. They are
also influenced by rootstock genotype and multiple and varied climatic and manage-
ment factors (Mattheis and Fellman 1999). Once the fruit is separated from the
plant, it is deprived from its source of carbohydrates, water, and nutrients, and its
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quality can be maintained by providing an appropriate postharvest environment but
not improved. Therefore, preharvest factors, especially those that can be managed,
require special attention from growers to optimize their impact on postharvest
quality and flavor (Crisosto and Mitchell 2002; Hewett 2006).

The purpose of this chapter is to provide information about the main environ-
mental factors influencing qualitative and quantitative changes of primary flavor
components with emphasis on aroma compounds. When possible the sensory impact
as a result of these changes will be mentioned. The literature cited herein is not
intended to be an exhaustive review of scientific papers published on the topic but
rather an illustration of how environmental factors influence the flavor of fresh
fruits.

CLIMATE

Cultivated plants are adapted to grow in many climates, and they can be classified
according to the zones where maximum productivity is achieved in tropical, sub-
tropical, and temperate crops (Hewett 2006). Within each category, individual crops
have optimum temperatures at which maximum yields and quality are obtained.
Some horticultural crops such as tomatoes and strawberries can also be grown under
greenhouse or plastic covers to ameliorate unfavorable growing conditions and to
obtain high yields, a more uniform quality and “off-season” products for specific
markets.

Temperature

Temperature is a critical factor for plant growth and development and strongly
influences fruit quality attributes such as color, shape, size, and rind thickness
(Arpaia et al. 2004; Reuther 1973; Westwood 1978). Temperature also has an effect
on fruit flavor components such as SSC, TA, and aroma compounds.

A study about the effect of different growing day/night temperatures (25°C/25°C,
25°C/15°C, 25°C/10°C, and 25°C/5°C) on flavor components of “Camarosa” straw-
berries (Sanz et al. 2002) showed no significant differences in the content of glucose
and fructose of berries grown at any of the selected day/night temperatures, but
sucrose accumulation was the highest at 25°C/15°C and the production of aroma
compounds was enhanced at 25°C/10°C day/night temperatures.

A good example of the effect of climate and specifically temperature on fruit
flavor is found in winegrapes. A survey of worldwide viticultural areas would seem
to indicate a relationship among climate, the flavor components of grapes, and the
quality of wines. Wines made from the same variety often have, apart from their
typical “varietal character,” flavor characteristics identified with the region (“appel-
lation of origin”) (Jackson and Lombard 1993). Aroma compounds have a consider-
able effect on wine quality (Bravdo 2001; Jackson and Lombard 1993; Schultz 2002).
Many odorous compounds are present in fruit, must, and wines as free, glycosidically
bound and hydroxylated compounds. A group of aromatic substances present in
several varieties of Vitis vinifera such as, Sauvignon Blanc and Cabernet Sauvignon
are 2-methoxy-3-alkyl pyrazines (MP) (Jackson and Lombard 1993). These aroma
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compounds are responsible for “roasted, nutty, and sweet” notes (when the alkyl
chain is short) and for “vegetative, herbaceous, or green-like” notes (when the alkyl
chain is long) (Dharmadhikari 1994). Variations in MP contents due to differences
in climatic conditions, region of origin, and vintage are difficult to isolate, but it is
generally accepted that wines from colder regions or vintages tend to exhibit a more
pronounced “vegetative—herbaceous” aroma and contain higher amounts of MPs
(Sala et al. 2004). This effect might be due to an increase of vine vigor and canopy
shading that results from a better water availability and greater soil fertility gener-
ally found in colder regions.

Inadequate climatic conditions can lead to alterations of plant growth and devel-
opment, abnormal vegetative or blossom growth, chilling or freeze injuries, and
other physiological disorders. Unpredictable freeze injury in the field is a problem
for some commercial crops such as apples and citrus. For growers and packinghouses
faced with this problem, it is important to have a procedure that allows them to
assess the extent of fruit damage before visual symptoms become evident. Extreme
temperatures can promote the production of different volatiles in plant tissues
(Kimmerer and Kozlowski 1982; Song et al. 2001). An increase in ethanol and ethyl
acetate in two apple cultivars subjected to freezing was reported by Forney and
others (2000a), and according to Obenland and others (2003), off-odor has been
perceived as an early symptom of freeze injury in navel orange. In a study conducted
to ascertain whether volatile compounds emitted from navel orange (Citrus sinensis
L. Osbeck) could serve as early indicators of freezing, it was found that acidity and
taste were more sensitive indicators of freezing than peel injury or internal drying
(Obenland et al. 2003). It was also found that the emission of ethanol, ethyl butano-
ate, methyl hexanoate, and ethyl octanoate increased rapidly (4-6h) after freezing
and remained high after a 3-week period of storage, thus indicating that one or more
of these volatiles can be viable markers of freeze-damaged navel oranges.

Light

The duration and intensity of light affect the quality of fruits (Pantastico 1975;
Westwood 1978). Among fruit quality factors, numerous reports indicate that light
influences the content of flavor components. This effect can be related to the rate
of carbon fixed and translocated to the fruit, or to the fruit temperature associated
to light exposure and its effect on fruit metabolism (Watson et al. 2002). In a series
of three papers, Sites and Reitz (1949, 1950, and 1950 cited by Pantastico 1975)
reported that “Valencia” oranges exposed to the sun had less weight, thinner rinds,
and higher levels of SSC and TA than those that were shaded or located inside
the canopy. Reflecting foils underneath the canopy of vineyards have been evalu-
ated to reflect solar radiation back into the fruiting zone. The initial purpose of this
foil was to improve color formation in red varieties. However, “Riesling” grapes
(a white variety) responded to this treatment with a significant improvement in
flavor development over several years without substantial differences in sugar levels
(Schultz 2002).

For many crops such as apples and grapes, pruning practices to modify the
amount of incident light on canopy and fruits are means to optimize productivity
and produce good quality fruits (Hewett 2006). Miller and others (1998) observed
that the position of “Delicious” apples in the canopy had an influence on acetate
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ester production. Fruits with a western or southern exposure had higher ester pro-
duction than those with northern or eastern exposure. Acetate esters, mainly butyl
acetate, 2-methylbutyl acetate, and hexyl acetate, are major contributors to the
characteristic apple-like aroma and flavor in most apple cultivars. Sunlight is an
important factor contributing to the red color of apples. Fellman and others (2000)
working with “Delicious” strains with different capacities for accumulation of
anthocyanin pigments in peel tissue, found that the higher-coloring strains had lower
level of acetate esters. They also found a positive relationship between shading
and ester biosynthesis reinforcing the suggested relationship between color and
synthesis of acetate esters.

Different pruning techniques may cause significant differences in the level of
3-isobutyl-2-methoxypyrazine, a relevant MP aroma compound of some winegrape
cultivars (V. vinifera L.). This effect might be explained by the influence of the
pruning system on cluster exposure to sunlight (Sala et al. 2004). For instance, leaf
removal of Sauvignon Blanc vines decreased the concentration of MPs of grapes
and the “herbaceous” character of the resulting wine due to an increase in fruit
exposure to sunlight (Sala et al. 2004). Leaf removal around bunches prior to verai-
son (fruit color change at physiological maturity) is a common practice in viticul-
tural areas, especially in cool and moist regions (Jackson and Lombard 1993). Severe
leaf removal seems to be more effective at reducing the vegetal character of
Sauvignon Blanc wine, and earlier treatments would be more effective than later
treatments.

It has been shown that both the duration and the timing of shading are important
factors influencing flavor quality (Garriz et al. 1998; Marini et al. 1991; Pattern and
Proebsting 1986). The effect of shading on flavor components of strawberries cv.
Elsanta grown in peat bags in a glasshouse was evaluated by Watson and others
(2002). Different levels of shading (0%, 25%, and 47%) were applied for 2 weeks,
starting at 7 days before the first fruit ripened. Fruits from the 47% shading treat-
ment showed a significant reduction in sucrose concentration, glucose/fructose ratio,
and levels of the aroma compounds: hexenal, hexanal, ethyl methyl butyrate, and
methyl butyrate, compared with the unshaded treatment. It was also observed that
a relatively short period of low light had a significant effect on the flavor compo-
nents of berries. This apparent sensitivity of strawberry flavor to the light environ-
ment could explain, according to the authors, the poor taste sometimes associated
with autumn-grown crops, as well as variations in flavor between fruits grown in the
field and in a glasshouse, which can reduce light levels by 30%.

Season and Locations

Flavor differences among produce harvested at different dates and grown in differ-
ent seasons and locations within a single crop have been demonstrated by several
researchers. Watson and others (2002) reported differences in sugars and some
“character-impact” aroma volatiles among “Elsanta” strawberries grown in a green-
house and harvested at different dates through the season.

Klieber and Muchui (2002) failed to observed differences in the flavor quality of
bananas (Musa acuminata Coll. Cavendish cv. Williams) harvested through winter,
spring, and summer evaluated by sensory testing, even though SSC was higher in
spring (23.6%) compared with winter (22.6%) and summer (21.9%). However, no
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differences were found in aroma compounds evaluated by instrumental analysis in
fruits harvested at different times of the year.

Seasonal variations in flavor, evaluated by sensory analysis, were partially related
to variations in sugar and acid accumulation in grapefruit (Citrus X paradisi Mact.),
tangerine (Citrus reticulata), and tangelo (Citrus x tangelo) (Harding and Fisher
1945, Harding and Sunday 1949, and Harding et al. 1959 as cited by Mattheis and
Fellman 1999). Also, a seasonal effect on aroma compounds was reported by Lopez
and others (1998) for “Golden Delicious” and “Granny Smith” apples in a 2-year
study. The aroma volatiles were different in class and quantity and gave the charac-
teristic sensorial perception to each fruit variety. In “Golden Delicious,” ethyl
propionate and butyl acetate gave a fruity aroma in the 1993 season, while ethyl
acetate, ethyl propionate, and propyl acetate were the predominant compounds in
the 1994 season. In “Granny Smith,” the aromatic profile did not show the predomi-
nance of any compound in 1993, while in 1994, it was fruitier due to the higher
content of ethyl propionate and propyl acetate.

Working with “Golden Delicious” apples from two locations in Italy, Zerbini and
others, cited by Yahia (1994), found that after storage, fruits grown on the plains
had higher soluble solids, reducing sugars, and sugar/acid ratio than those from the
mountain area. It was concluded that warmer weather favored fruit quality, but
might also increase the incidence of physiological disorders during storage.

Aroma-active volatiles of 130 blackcurrant thermal evaporative concentrates
prepared from berries obtained from three seasons and different geographic origins,
as well as three different frozen concentrates, were evaluated by Boccorh and others
(1999). It was found that variation was dominated by seasonal effects and within a
single season, geographic origin was more important than the use of fresh or frozen
berries.

CULTURAL PRACTICES

Mineral Nutrition

Balanced and timely availability of mineral nutrients is important for optimum
plant performance, good quality, and adequate postharvest life of fruits. Multiple
chemical constituents of fruits can be affected by mineral nutrition, and some
physiological disorders occurring in storage can be caused by deficiencies, excesses,
and/or imbalances of various nutrients. Minerals can be applied by conventional
methods (soil or foliar applications) or through irrigation systems such as fertiga-
tion, a relatively new method that has the advantage of increasing the uptake of
mineral nutrients by plants compared with conventional fertilization. For many
crops, much effort has been expended to develop protocols for estimating critical
threshold levels of macroelements including nitrogen (N), potassium (K), and
phosphorus (P), as well as microelements such as calcium (Ca), magnesium (Mg),
boron (B), and zinc (Zn). Also, much experimental work has been conducted to
establish appropriate levels of fertilizers and the time when a maximum benefit can
be obtained (Hewett 2006). Unfortunately, fertilization recommendations have
been established mainly to obtain high crop productivities and to optimize some
quality characteristics of fruits, but not to improve their flavor.
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Nutrient balance of crops is important for normal production of flavor and aroma
volatiles by fruits. Several reports dealing with the influence of fertilizer treatments
on fruit flavor ratings and aroma production by apples (Malus sylvestris Mill., Malus
pumila Mill.,, Malus domestica Borkh.) were reviewed by Mattheis and Fellman
(1999). Also, Fellman and others (2000) examined how nitrogen status affected
apple aroma with emphasis on the production of three esters (butyl acetate, 2-
methylbutyl acetate, and hexyl acetate), which are considered major contributors to
the characteristic apple-like aroma and flavor in most cultivars.

Nitrogen has been the most studied element in relation to strawberry fruit quality
(Nestby 2002). Proper nitrogen applications can increase levels of flavor compo-
nents of berries. Nestby (1998) reported an increase in the concentration of glucose,
fructose, and sucrose in “Korona” and “Bounty” strawberry fruits when nitrogen
was applied as nitrate in fertigation treatments at levels up to 124kg/ha, starting 4
weeks before harvest and ending after 2 weeks into the harvest period. Hennion
and others (cited by Nestby 2002) evaluated the effect of various nitrogen fertiliza-
tion treatments applied by drip irrigation in spring and found no differences in
physical and chemical characteristics of fruits, but sensory analyses indicated an
improvement in aroma and flavor in fruits treated with the highest nitrogen fertiliza-
tion rate. There are few reports about the direct effect of other elements on the
flavor components of strawberries. Boron and molybdenum have shown to be
important for the content of vitamin C and sugars in strawberry fruits (Nestby 1998).

Wright and Harris (1985) applied three levels of N-K (100-150, 200-300, and
300-4501b/ac) on tomato plants and observed an increase in TA and SSC with higher
levels of fertilizers. Also, concentrations of the volatiles hexenal, 2-hexanone, benz-
aldehyde, phenylacetaldehyde, o-ionone, and 6-methyl-5-hepten-2-one increased
with increasing N-K levels. However, flavor scores indicated detrimental effects on
tomato flavor with high N-K levels. The effect of six levels of N on the flavor com-
ponents of cherry tomatoes was studied by Yu-Tao and others (2007). Levels of
sugars, TA,SSC,and some volatiles (1-penten-3-one, hexanal, cis-3-hexenal,2-methyl-
4-pentenal, trans-2-hexenal, and 6-methyl-5-hepten-2-one) increased with higher N
applications. However, no sensory evaluation was conducted to observe the impact
of these chemical changes on flavor perception. Phosphorus supplementations
(above the recommended levels) through soil or foliar spray were tested on tomato
quality during a 3-year field study (Oke et al. 2005). No significant increase in yield
by the effect of soil and foliar P supplementation was observed. Also, compositional
changes (pH, TA, and aroma volatiles) were not statistically significant among P
treatments. Thus, the authors concluded that P supplementation may not affect
quality characteristics of tomato fruits.

Lin and others (2004) evaluated the application of potassium at insufficient, suit-
able, and excessive levels (120, 240, and 360mg/L of K, respectively) in nutrient
solution on the fruit quality of “Tiantian No. 1” muskmelon (Cucumis melo var.
reticulatus Naud.) in a soilless medium culture under greenhouse conditions. They
found that potassium level at 240mg/L. improved the fruit quality as indicated by a
significant increase in the concentrations of total sugars, SSC, glutamic acid, aspartic
acid, alanine, and the volatile esters n-amyl acetate and 2-butoxyethyl acetate. No
significant differences in fruit appearance or size were observed among treatments,
but unfortunately, no sensory evaluations were conducted to observe the effect of
K levels on flavor perception.
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In a study with three fertigation levels (50, 100, and 150kg/ha N using a 7-3-7
NPK liquid fertilizer) applied on a Cabernet Sauvignon vineyard, the highest NPK
fertigation level enhanced the content of hexanal and 2-hexenal, two aldehydes
contributing to the herbaceous character of the must and wine (Bravdo 2001). The
lower fertigation levels also enhanced the content of hexanoic acid, hexyl acetate,
and 1-heptanol in the must. However, no significant effects of the fertigation levels
on wine quality were detected by the sensory evaluation panel.

Phosphorous fertilization of a “Cabernet Sauvignon” vineyard increased the
content of monoterpenes in wine and the aroma quality score obtained by sensory
evaluation (Bravdo 2001). Volatile monoterpenes are found as free or bound com-
pounds in grapes, must, and wines, and contribute to the distinctive flavor and aroma
of several winegrape varieties (e.g., from “Cabernet Sauvignon” to the white variet-
ies Muscats, Sauvignon Blanc, Riesling, and Gewiirztraminer) (Jackson and Lombard
1993) and their respective wines.

Irrigation

This cultural practice plays an important role in plant growth and development and
is an essential factor to obtain high-quality fruits. Growers generally apply water,
based on the evapotranspiration (ET) demand, to minimize moisture stress and to
allow optimal plant growth and fruit yields. However, in some crops, it is possible
to decrease water usage and improve crop quality without compromising sustain-
able plant growth (Hewett 2006).

Water is presently a limited natural resource. Since irrigation practices in
agriculture and horticulture use 75% of the world’s total fresh water resources,
and excessive irrigation favors the leaching of biocides and the contamination of
groundwater, some countries have even passed legislations to reduce the amount
of water for crop production (van Hooijdonk et al. 2007). Therefore, strategies
to reduce water usage in agriculture are currently important. Two water saving
strategies are deficit irrigation (DI) and partial rootzone drying (PRD). In DI,
the entire rootzone is irrigated with less water than in the prevailing ET, while in
PRD, the water is applied to one-half of the rootzone during each irrigation time
and the other half is left to dry to a predetermined level of soil moisture (van
Hooijdonk et al. 2007). In response to PRD, roots—the primary sensors for
soil dryness—produce chemical signals that are transported to the shoots where
they promote a reduction in leaf stomatal conductance and transpiration (Davies
and Zhang 1991; Stoll 2000; van Hooijdonk et al. 2007). In addition to preserving
water and reducing the leaching of biocides into groundwater, water saving strate-
gies can improve fruit quality (Behboudian and Mills 1997). Some reports indicate
that water stress can be used as a management tool to manipulate flavor components
of fruits.

Modise and others (2006) conducted a greenhouse study to investigate the pro-
duction of some character-impact volatiles of “Elsanta” strawberries in response to
three levels of water stress at two specific growth stages: at flowering and at fruiting,
10 days after anthesis. They found that severe water stress at fruiting significantly
increased the level of ethyl and hexyl acetates, ethyl butyrate, methyl hexanoate,
and methyl propyl acetate produced by ripe fruits.
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Veit-Kohler and others (1999) investigated the effect of a small reduction in
water supply (without visible symptoms of water stress) on flavor components of
tomato. The tomato plants cv. Vanessa were grown in soil, and with the onset of fruit
development, water supply was varied (70% and 50% water capacity). Results
indicated that under conditions of lower water supply, the quality of tomatoes was
higher as indicated by the higher levels of sugars, titratable acids, vitamin C, and
aroma volatiles, particularly C6-aldehydes (hexanal, (Z)-3-hexenal and (E)-2-
hexenal). Fruit growth and yield were similar in both treatments.

Crisosto and others (1997) evaluated the influence of various irrigation regimes
(normal irrigation = 100% ET, over-irrigation = 150% ET, and DI = 50% ET)
applied 4 weeks before harvest on peach quality during two seasons. Yield, flesh
firmness, color, acidity, and pH at harvest were not affected by any irrigation regime,
but SSC was the highest (13.3%) for fruit from the 50% ET treatment. Although
fruits from this treatment were smaller, they probably would be preferred by
consumers over fruit from the other treatments since peaches with 11% SSC or
higher are highly acceptable to consumers and may have a higher retail value
(Parker et al. 1991).

In a field experiment conducted by Behboudian and others (1998) with apple
trees cv. Braeburn subjected to late-season DI, the authors observed an increase of
aroma production by fruits from these stressed trees. In a second study (Mpelasoka
et al. 2000), early deficit irrigation (EDI) and late deficit irrigation (LDI) were
evaluated on the same apple cultivar, and it was found that SSC and total sugar
concentration increased after a 12-week storage at 0°C and were higher in EDI and
LDI than in control fruits before and after storage. However, no increase in aroma
production by water-stressed fruits was found in this second study. According to the
authors, this inconsistency could be due to different degrees of water deficit devel-
oped and to differences in fruit maturity at assessment. As it was expected, gross
yield per tree decreased by the effect of DI treatments (77.9, 67.0, and 58.3kg for
control, EDI, and LDI treatments, respectively) and so did the corresponding mean
fruit weights (199.0, 167.3, and 167.9 g, for control, EDI, and LDI treatments, respec-
tively). In a third study (Bussakorn et al. 2002), the effects of DI applied throughout
the season and the effect of two crop load treatments (commercial and light crop
load) on volatiles and other flavor components of “Braeburn” apples were evalu-
ated. Crop load was included because the negative effect of DI in reducing fruit size
could be counteracted by a lighter crop load. Results indicated no interaction
between irrigation and crop load on any individual quality attributes. Control and
DI fruit had similar maturity at harvest, but DI fruit became more advanced in
maturity during storage at 20°C and after cold storage. Apples from DI trees showed
an enhanced production of aroma volatiles not only during ripening but also after
cold storage, and SSC was higher once again in DI fruits. Quality enhancement in
DI fruits was related, in part, to the advancement in ripening.

In a field study with “Pacific Rose” apple trees conducted by van Hooijdonk and
others (2007), different irrigation treatments were evaluated: commercially irrigated
(CI) control (soil maintained near field capacity throughout the season), PRD (half
of the irrigation volume of CI was applied to only one side of the rootzone), and
no irrigation ([NI] water was withheld for the duration of the experiment). Results
indicated that gross yield per tree did not significantly differ among treatments. PRD
treatment saved water by 50% and improved some fruit quality attributes including
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the increase of some individual impact aroma compounds (e.g., 2-methyl-butyl
acetate), a decrease of weight loss and a slower loss of firmness during storage at
0 £ 0.5°C.The authors indicated that further sensory analyses are required to deter-
mine if the observed compositional changes are reflected in fruit flavor.

A 5-year study was conducted by Reynolds and others (2005) to investigate the
effect of different irrigation and fertigation treatments (of various durations and
80kgN/ha as urea), on vine performance, fruit composition, and water relations of
“Concord” and “Niagara” (Vitis labruscana) grapes used by the juice industry. Plant
transpiration rate and soil moisture data of this study suggested that water stress
was present in 3 of the 5 years of the study. Irrigation and fertigation led to an
enhanced berry set, a larger berry size, an increase in vine size, and small increases
in yield. In most seasons, yield increases were accompanied by small decreases in
SSC (1.5-3.0°Brix) and levels of methyl anthranilate (an undesirable compound in
winegrapes, but one of the main volatile esters found in V. labruscana grapes bound
for juice production). However, all soluble solid concentrations were above the
minimum levels accepted by local processors. Total volatile esters did not differ
substantially among the treatments, and no major differences or trends in TA and
pH were noticed between treatments. The timing of the fertilizer application did not
appear to play a major role in any of these attributes.

According to Bravdo (2001), the irrigation of winegrapes was not recommended
in some European regions due to a traditional belief that it reduces wine quality. In
a study reported by the same author, no significant effect of the level of drip irriga-
tion on the Cabernet Sauvignon wine quality was detected by sensory evaluation,
and the gas chromatography-mass spectrometry (GC-MS) analyses of 47 volatiles
in the must and wine showed only a significant increase of 3-methyl butyl octanoic
acid and ethyl decanoate by lowering the drip irrigation rate. This and other studies
have demonstrated that high-quality wines can be obtained under different irriga-
tion regimes. Therefore, irrigation, particularly drip irrigation, applied during periods
of insufficient precipitation is now a common cultural practice in many temperate
wine production regions of the world, and it is an efficient mean of controlling the
vegetative and reproductive stages of vines (Bravdo 2001).

Data regarding the effect of water stress on wine quality are also reported in the
scientific literature. A decrease in shoot growth rate and leaf area in response to
PRD was observed in a study (Stoll 2000) to evaluate the effects of PRD on grape-
vine physiology and fruit quality (V. vinifera L.cvs. Cabernet Sauvignon, Chardonnay,
Shiraz, and Riesling). As a result, light penetration inside the canopy improved and
so did fruit quality without an adverse effect on yield. Sensory evaluation indicated
that high-quality wines from PRD-treated vineyards can be achieved. However,
according to Bravdo (2001), reports about the effect of water stress on wine quality
are not always consistent.

Orchard Management and Other Cultural Practices

Fruit thinning is a cultural practice that reduces crop load and improves the leaf/
fruit ratio leading to an increase in fruit size. Excessive crop loads not only have
negative effects on fruit size, but may also have adverse effects on fruit color, sugars,
and other flavor components, as well as on fruit condition and storage life (Forshey
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1986). A beneficial relationship between low crop load and flavor components of
“Jonagored” apples was reported by Poll and others (1996). Fruits grown with the
lowest fruit/leaf ratio had the highest SSC, TA, and production of butyl acetate and
hexyl acetate, two volatiles contributing to the typical aroma of apples. Schultz
(2002), who worked with the winegrape cultivar Riesling, found that early cluster
thinning (approximately 3 weeks after bloom) significantly increased the content of
secondary metabolites in berries and improved sensorial characteristics of the
resulting wines. However, the authors mentioned that the success of this cultural
practice strongly depends on the level of crop load, and in some cases, early thinning
can lead to more compact clusters and larger berries with an increased risk of
Botrytis growth.

In addition to fruit thinning, pruning and training systems of vines can also alter
the vegetative to reproductive growth ratio or crop load (fruit weight per kilogram
pruning weight or per square centimeter leaf area) and thereby the fruit and wine
quality (Bravdo 2001). “Training refers to the structures used to support the vine,
the methods used to affix the vine to that structure, and the configuration and
geometry so produced” (Jackson and Lombard 1993). Cabernet Sauvignon wines
from trained vines with vertically positioned shoots contained higher levels of butyl
acetate, ethyl butanoate, and hexyl acetate as well as a lower concentration of ethyl
2-hexanoate. Among the 60 volatiles detected by GC-MS, these four esters, respon-
sible for fruity aromatic notes, were the only ones significantly affected by the train-
ing system (Bravdo 2001).

Among orchard establishment factors, planting density can have a substantial
effect on the ripening and flavor development of fruits. In an experiment with cv.
Riesling on 5C rootstock planted at a row distance of 2m and with different spac-
ings within each row, only minor effects on yield were observed. However, large
differences in amino acid concentration and small differences in sugar levels were
recorded in grapes harvested from high-density plantings. These compositional
changes improved the fermentation process with positive effects on the fruity char-
acter of the resulting wine (Schultz 2002).

Bagging of fruits during development is a cultural practice that primarily protects
fruits against microorganisms, insects, and physical damage. However, it can have
other benefits such as a fast maturation process and an increase in the level of aroma
compounds. In mangoes (Mangifera indica L.), Hofman and others (1997) found
that bagging accelerated fruit maturation, but it reduced the average temperature
under the skin from 45.5 to 41°C. Apparently, the interception of radiation by bags
decreased temperature stress favoring the fruit maturation process. No difference
in consumer preference was found for bagged and non-bagged mango fruit. Hui-
Juan and others (2005) conducted a 2-year-study to examine the influence of bagging
on aroma volatiles and skin coloration of “Hakuho” peaches (Prunus persica). Fruits
were covered with orange paper bags before pit hardening, and with single and
triple parchment paper bags and orange paper bags (sunlight transmission: 80%,
50%, and 15%, respectively), 15 days before harvest. Results indicated that bagging
caused earlier fruit ripening in the 2002 season but not in the 2003 one. SSC and
TA were not affected by bagging treatments, and the red skin color increased with
the increase in sunlight transmission. Aroma volatile content was the lowest in non-
bagged fruit exposed to full sunlight, and different bagging treatments resulted in
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significantly different levels of y- and d-decalactone (important volatiles contribut-
ing to peach aroma) between skin and flesh. According to the authors, a higher
temperature by exposure to sunlight may have been the factor contributing to a
lower synthesis of aroma compounds and/or to their faster biotransformation.
Similarly, Miller and others (1998) showed that “Delicious” apples managed for
maximum coloration (exposed to full sun) had low acetate esters, which are impor-
tant contributors to the characteristic aroma of apples.

In commercial strawberry production, plastic mulches are frequently used in
raised-bed culture to conserve water, control weeds, keep fruit clean, and produce
ripe berries earlier in the season. In the study conducted by Kasperbauer and others
(2001), the effect of a specially formulated red plastic mulch on the size and flavor
components of strawberries (Fragaria X ananassa Duch) was compared with the
standard black plastic mulch. Results indicated that fruits grown over the new red
plastic mulch were about 20% larger and showed higher sugar to organic acid ratios
and levels of aroma compounds. The authors hypothesized, based on previous
studies, that the more far-red and red light (higher far-red/red ratio) reflected from
the red mulch induced biochemical changes during growth and ripening through
phytochrome-mediated regulation pathways with a subsequent improvement in
berry size and augmented levels of flavor components.

The effect of elevated carbon dioxide on the flavor components of field-grown
strawberries (Fragaria x ananassa Duch) was studied by Wang and Bunce (2004).
High CO, concentrations (ambient + 300, and ambient + 600 umol CO,/mol) resulted
in higher contents of fruit dry matter, fructose, glucose, and total sugar, as well as
low levels of citric and malic acids. Also, high CO, growing conditions significantly
enhanced the fruit content of ethyl hexanoate, ethyl butanoate, methyl hexanoate,
methyl butanonate, hexyl acetate, hexyl hexanoate, furaneol, linalool, and methyl
octanoate, which contribute to the characteristic aroma of strawberries. The highest
levels of these aroma compounds were found in the strawberries grown under
600 umol CO,/mol.

Oil washes have been used for over a century to suppress insect and mite pests
in orchards. Traditionally, the Washington State apple industry of the United States
has relied on petroleum-based horticultural oils. However, soybean oil is also effec-
tive as an insecticide and is more environmentally friendly. Miiller (2005) studied
the effect of soybean oil applications on volatile aroma production of “Golden
Delicious” apples (Malus x domestica Borkh.). Soybean oil emulsion was applied
midseason, 21 days before harvest and 3 days before harvest. Fruits were harvested
at commercial maturity and stored for up to 6 months at 0.5°C in air or under 2kPa
0O, and 0.2kPa CO, controlled atmosphere (CA) storage. When soybean oil emul-
sion was applied 21 days before harvest, apples showed consistently higher volatile
production, mainly due to the presence in higher concentrations of the aldehydes
hexanal and 2-hexenal. The loss of alcohols (mainly butanol, 2-methylbutanol) due
to prolonged CA storage was diminished by oil-treated fruit, and more alcohols
(butanol, 2-methyl butanol) were regenerated after 7 days of shelf life. The author
concluded that soybean oil applied during the growing season of “Golden Delicious”
apples can improve the retention and regeneration capacity of important aroma
compounds. In addition, soybean oil delayed weight loss of apples in storage by
improving fruit cuticular structure.
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“Organic” is a system of managing crops that emphasizes natural pest control
methods and soil inputs (Bruhn 2002). During the 1990s, organic farming became
one of the fastest growing segments of agriculture in the United States and
Europe (Reganold et al. 2001). Similarly, integrated farming, a system that com-
bines organic and conventional techniques, has been successfully adopted on a
wide scale in Europe. According to Theuer (2006), it would be interesting to
investigate the difference in flavor between products cultivated by conventional
systems and those grown by organic production systems since 43% of consumers
of organic food give “better taste” as the main reason for purchasing organic
fruits and vegetables. Also, it has been found that organic products have higher
levels of some phenolic compounds (Benbrook 2005) that can interact with flavor
perception.

As reported by the Food and Agriculture Organization of the United Nations
(FAO 2000), in many studies, no clear differences in sensorial characteristics have
been observed between organic and conventional products. However, some differ-
ences in flavor characteristics have been reported for strawberries, tomatoes, and
apples. Organic strawberries cultivated in California, although smaller in size, had
better quality attributes (sweeter, better appearance) and were preferred by con-
sumers compared with conventionally grown berries (Theuer 2006). Organic and
traditional grown tomatoes, harvested at the breaker stage and ripened at 20°C,
were evaluated in two seasons for quality attributes (McCollum et al. 2005). Sensory
evaluation indicated that panelists were able to perceive differences between con-
ventional and organic tomatoes by smell or taste. Some panelists indicated that
organic tomatoes were preferred because of their better taste, flavor, texture, and
juiciness. In contrast, conventional tomatoes were described as “not as ripe,” “dry,”
and having “less aroma.”

In regard to apples, in a 5-year study conducted by Reganold and others (2001),
the quality of “Golden Delicious” fruits grown by organic, conventional, and inte-
grated production systems was compared. The ratios of SSC to TA were most often
highest in organic apples. These results were supported by sensory evaluations using
untrained panelists who found that organic apples were sweeter after 6 months of
storage than conventional fruits and less tart at harvest and after 6 months of storage
than those grown under conventional and integrated systems. However, apples from
integrated systems had better flavor after 6 months of storage. In a similar study
with “Galaxy Gala” apples, the quality of fruits grown by organic, conventional, and
integrated production systems was assessed at harvest and after storage at 0-1°C
for 3 months in air and for 3-6 months in a CA containing 1.5-2% O, (Peck et al.
2006). No differences in SSC, TA, or the SSC to TA ratios were detected among
apples from the three production systems, but organic apples had 6-10N (Newton)
higher flesh firmness than conventional ones, and 4-7N higher than integrated
apples, for similar-sized fruits. Consumer panels tended to rate organic and inte-
grated apples to have equal or better overall acceptability and texture than conven-
tional apples, but they were unable to distinguish the higher concentration of flavor
volatiles found in conventional apples. In contrast, R6th and others (2006) found,
by comparing quality attributes and storage behavior in air and under ultralow
oxygen conditions of apples grown in integrated versus organic orchards, that the
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effect of storage condition on firmness and flavor components of apples was much
greater than the production system effect.

CULTIVAR AND ROOTSTOCK GENOTYPE

Previous studies clearly demonstrate the strong impact that environmental factors
have on the individual flavor component of fruits. However, as mentioned earlier,
the content and delicate balance of flavor compounds that characterize each fruit
depends primarily on the genetics of each species. For instance, in the case of straw-
berries, Shaw (1988) found a significant genotypic variation in the content of sucrose,
glucose, and fructose in his breeding population. He also found that TA and organic
acid content are genetically determined (Shaw 1988, 1990). Similarly, in a compara-
tive study, Pelayo-Zaldivar and others (2005) found that cultivar variation was
greater than harvest date variation in the primary flavor components of three straw-
berry cultivars,and these results were supported by sensory evaluations. Furthermore,
qualitative and quantitative differences in strawberry aroma compounds among
cultivars and between commercial cultivars and wild plants (native clones of Fragaria
chiloensis and Fragaria virginiana) have been reported by several authors (Dirinck
et al. 1981; Forney et al. 2000b; Hancock 1999; Miszczak et al. 1995; Pérez et al. 1997,
Pyysalo et al. 1979; Ulrich et al. 1997).

Genotypic variation in flavor characteristics of tomato has also been reported by
different authors. Baldwin and others (1991) analyzed flavor components in six
Florida-grown tomato cultivars. Fruits were harvested at the mature green stage
and left to ripen at 20°C before analysis. Among cultivars, significant differences
were found in the levels of glucose, fructose, citric acid, and 9 of 17 aroma volatiles
analyzed. Similarly, in the study conducted by Ruiz and others (2005), significant
differences were found among very closely related tomato cultivars for three
Cé6-aldehydes (hexanal, cis-3-hexenal, and frans-2-hexenal) and two C6-alcohols
(cis-3-hexenol and hexenol). Thus, they proposed the determination of aroma
volatiles as a possible tool in tomato breeding programs.

Sensory evaluations should be conducted in parallel with chemical or instrumen-
tal analysis of flavor components, since analytic values do not always correlate well
with sensory scores (Mattheis and Fellman 1999). Stevens and others (1977) reported
differences in SSC, TA, pH, and concentration of individual sugars, acids, and vola-
tile compounds among different tomato cultivars, but no strong correlations were
found between analytic data and sensory scores for all cultivars. In contrast, Tandon
and others (2003) evaluated 12 tomato selections for their flavor components using
sensory and chemical analysis and found a clear relationship between sensory per-
ception of tomatoes and their chemical flavor composition. Tomatoes described
as full flavored by the breeder contained higher levels of sugars, soluble solids,
aromatic volatile compounds, and lower amounts of organic acids than those con-
sidered to be of poorer flavor by the breeder.

Rootstock genotype also influences fruit composition and flavor quality through
interactions with soil type, water availability, climate, and scion cultivar. As indicated
by Mattheis and Fellman (1999), several reports have shown the influence of rootstock
on citrus flavor including orange, grapefruit, and tangerine. They also indicate that
bitterness of citrus fruits and juice has been reported to be influenced by rootstock.
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According to Schultz (2002), rootstocks affect grape (V. vinifera) composition
and wine quality through an effect on vine vigor and canopy light exposure. Less
vigorous rootstocks (producing less vine growth) yield fruits that produce high-
quality wines (Jackson and Lombard 1993). Similarly, in a comparative study, the
more vigorous St. George rootstock yielded fruit with higher levels of N, acid, tannin,
and K, while the less vigorous 110R rootstock produced fruits with a more balanced
composition (Jackson and Lombard 1993).

In spite of the importance that genetic characteristics have in determining fruit
flavor, breeding programs have traditionally selected new cultivars and rootstocks
based on good yields, adaptability to various environmental and crop pest condi-
tions (Crisosto and Mitchell 2002), and some quality characteristics of fruits such as
size, color, SSC, TA, slow ripening, and resistance to transport, neglecting sensorial
characteristics such as aroma and taste. It is important that breeders consider
primary flavor components (sugars, acids, and aroma compounds) evaluated by both
chemical/instrumental and sensory analysis to make a more complete characteriza-
tion of their breeding populations.

MATURITY

Maturity at harvest strongly influences the flavor of fruits. Fruits harvested at an
immature stage develop poor flavor when ripe, and overmature fruits have a limited
commercial life before flavor deteriorates. The optimum maturity of a fruit depends
on its intended use. For instance, Fellman and others (2003) conducted experiments
focused on timing of the optimum harvest for maintaining sweetness, sourness, and
aroma-generating capacity during CA storage of “Redchief Delicious” apples. Fruits
were sequentially harvested starting at 93 days after full bloom. Firmness, SSC, and
TA of fruits from all harvest dates remained at acceptable levels throughout the
post-storage ripening period. However, as harvest maturity advanced, the time
required to regenerate aroma volatiles to an “optimum” level after removal from
CA storage decreased.

There are considerable physiological and chemical changes during the ripening
period, but to identify the optimum harvest date is still a challenge to growers, since
regional, climatic, and management influences may change fruit physiology and
composition and thus alter the optimum harvest date.

CONCLUSIONS

The chemistry of fruit flavor is very complex. Primary flavor compounds including
sugars, organic acids, and a wide array of aroma volatiles are present in specific
amounts and proportions in fruits. Other constituents such as nonvolatile phenolics
and cell wall components influence flavor by affecting the taste perception and the
rate at which aroma compounds are released from tissues. Also, fruit temperature
and texture can affect the relative vapor pressure of volatiles and aroma release.
Sensory perception of flavor is also very complex. Aside from basic tastes (sweet,
salt, sour, and bitter), our tongue can perceive other food characteristics (texture,
temperature, astringency, metallic irritation, and chemical heat), and a number of
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antagonisms, synergies, and maskings among taste components are present during
taste perception (Baldwin 2002; Baldwin et al. 2000; Delwiche 2004). Receptors of
the olfactory epithelium can distinguish at least 10,000 different smells, and interac-
tions among volatiles are also present during smell perception. The brain processes
information from our sense of taste and smell, and gives an integrated flavor experi-
ence where the relative importance of each input is difficult to determine since taste
and aroma perceptions interact among themselves and can modify each other
(Baldwin 2002; Delwiche 2004).

This complex relationship between flavor chemistry and flavor sensory percep-
tion explains why chemical variations in flavor components do not necessarily cor-
relate well with sensory scores. Studies about environmental factors on flavor quality
have limited value when sensory evaluations are not conducted in parallel with
chemical/instrumental measurements of flavor components.

Fruit flavor becomes more complicated to understand when the effect of envi-
ronmental factors is considered. The multitude of interacting environmental factors
acting simultaneously on plant and fruit development makes it difficult, and some-
times impossible, to distinguish individual contributions of each factor on fruit flavor
or to elucidate their integral effect on this important quality attribute (Coombe
1987; Schultz 2002). However, it is possible to recognize the main factors affecting
fruit flavor for a given location and specific crop, and obtain good-flavored fruits by
appropriately managing some of them. Therefore, it is critical that producers become
aware of the multitude of environmental factors that can influence fruit flavor.

In order for growers to take advantage of the market opportunities of our global
economy, they have to face the challenge of providing high-quality fruits that meet
supermarket requirements and consumer’s flavor expectations (Hewett 2006).
According to Shewfelt and Henderson (2002), “in the near future more technologi-
cal innovations to deliver more flavored products will be developed and more
research emphasizing preharvest factors in postharvest quality as well as sustainable
production to lessen undesirable impact to the environment will be conducted.”
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Cell Culture for Flavor Production
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INTRODUCTION

The definition of natural flavors comprises products that are converted by living
cells or parts thereof, including enzymes. There is a supplementary regulation estab-
lished by the Food and Drug Administration (FDA), in which compounds that are
known originally as generally recognized as safe (GRAS) should still be classified
as GRAS when produced by microbiological or enzymatic processes.

European legislation considers biotechnological aromas as natural substances,
on the sole condition that the precursors involved in their synthesis are natural
(Sarhy-Bagnon et al. 1997). In the United States, the Code of Federal Regulation
(CFR) defines a natural aroma as “the essential oil, oleoresin, essence or extractive,
protein hydrolysate, distillate, or any product of roasting, heating and enzymolysis,
which contains the flavoring constituents derived from a spice, juice, vegetable or
vegetable juice, edible yeast, herb, bud, bark, root, leaf or similar plant material,
meat, seafood, poultry, eggs dairy products or fermentation products thereof, whose
significant function is food flavoring rather than nutrition (CFR 101.22.0.3)”
(Armstrong et al. 1989).

Fragrance and aroma have found widespread application in food, feed, cosmetic,
chemical, and pharmaceutical industries, with a worldwide industrial size estimated
at US$16 billion in 2003 (Serra et al. 2005). According to the Freedonia Group
(World Flavors and Fragrances to 2008, 2005), the global demand for flavors and
fragrances has increased 4.4% per year to US$18.6 billion in 2008, reaching 7.3%
in the Asia/Pacific region (excluding Japan). Demand for fragrance blends and
essential oils will benefit from increased interest in natural and exotic aromas, which
are more expensive than their synthetic counterparts. Among the major market
segments for flavors and fragrances, food and beverages is the largest, accounting
for 47% of total demand in 2003.

The potential of biotechnological processes for the production of natural
flavor compounds is considered in this chapter, with an emphasis on plant cell and
microbial cultures.

Handbook of Fruit and Vegetable Flavors, Edited by Y. H. Hui
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Microbial Flavor Production

Fermentation is a promising biotechnological technique for the production of
natural flavors. Attempts are being made for industries to produce natural aroma
compounds by fermentation, which allows the recuperation of natural food addi-
tives that are preferred by the consumer. Volatile compound production by micro-
organisms is an easily manageable process, from both a qualitative and quantitative
point of view.

Most biotechnological processes that have been reported have not yet been
applied in the industrial production of flavors and fragrances. The major reason for
this is the low yield. The microbial flavors are often present in low concentrations
in fermentation broths, resulting in high costs for downstream processing.
Nevertheless, this fact is counterbalanced by the price of the naturally produced
compounds, which is 10-100 times higher than that of synthetic ones. For example,
synthetic y-decalactone, the impact flavor compound of peach, costs US$150 for a
kilogram (kg), while the same substance extracted from a natural source costs about
US$6000/kg. The microbial production of y-decalatone (peach aroma), involving the
bioconversion by Yarrowia lipolytica of castor oil yields about 6 g/L (Janssens et al.
1992). The y-decalactone has its price decreased from US$20,000/kg in the early
1980s down to US$1200/kg in 1995 because of a move to microbial production
(Feron et al. 1996). Another example of fermentation process is the production
of vanillin, which is widely used as a flavoring agent in a wide range of foods and
fragrances. A biotechnological method involving fungi to produce vanillin was
employed using ferulic acid as a direct precursor. This bioconversion is a product
of the microbial oxidation of lignin, particularly by white-rot basidiomycetes
(Lomascolo et al. 1999).

Many microorganisms are capable of synthesizing flavor compounds when grown
on a culture media. They have the ability to perform conversions, which would
require multiple chemical steps. Microorganisms are used to catalyze specific steps.
They are also an economical source of enzymes, which can be utilized to enhance
or alter the flavors of many food products. In this way, biotechnological processes
involved in the production of aromatic compounds can be divided in two groups:
microbiological and enzymatic processes.

It is important to distinguish the research whose objectives are to obtain complex
products with natural characteristics from that which tries to obtain isolated
molecules. The first tries to imitate nature and develops a process with one or
more microorganisms and enzymes. The second tries to obtain a higher yield
of characteristic components. The choice between them determines the meth-
odology, which will be employed in vivo or in vitro using biosynthesis or
bioconversions.

The aim of current biotechnological research is the development of low-cost
processes with high yields. In order to achieve that, it is necessary to control the
metabolic pathway and to develop alternative production techniques, such as the
use of solid-state fermentation (SSF), immobilized cells, or genetically modified
organisms.

Genetic engineering organisms have improved the yield of desired products
by overexpressing genes of interest in microbial systems. Expression of the genes
for alcohol acetyltransferases (AATases) in microorganisms for industrial use is
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one of many recent advances in the area of flavor compound production in micro-
organisms. According to Horton and Bennett (2006), the expression of genes for
AATases in Escherichia coli and Clostridium acetobutylicum was a feasible option
for the natural production of fruity esters such as butyl acetate, ethyl acetate,
and butyl butyrate. E. coli cultures were grown aerobically in the nutrient-rich
Luria—Bertani (LB) broth at 37°C in a shaker or anaerobically in LB without
shaking in airtight sealed 10-mL vials. C. acetobutylicum cultures were grown
anaerobically at 37°C in the nutrient-rich clostridial growth media.

Vadali and others (2004) used a genetically engineered E. coli to produce isoamyl
acetate, adding isoamyl alcohol externally to the cell culture medium. The cultures
were grown in an orbital shaker under aerobic and anaerobic conditions. At the end
of 24 h, the culture flasks were analyzed for isoamyl acetate production using head-
space gas analysis. In this study, the authors demonstrated that strategies such as
pathway and cofactor manipulations could be implemented to enhance the isoamyl
acetate production. Coenzyme A (CoA) and its thioester derivatives are important
precursor molecules for many industrially useful compounds such as esters,
polyhydroxybutyrates (PHBs), lycopene, and polyketides. The intracellular levels of
CoA and acetyl-coenzyme A (acetyl-CoA) could increase the productivity of useful
compounds derived from acetyl-CoA.

The development of novel and cheap production processes, such as SSF, may help
overcome some of the current limitations of microbial flavor production, as well as
widening the spectrum of biotechnologically accessible compounds (Soccol and
Vandenberghe 2003).

Bagasse and desiccated coconut were used as solids substrates for the production
of 6-pentyl-o-pyrone (6-PP), an unsaturated d-lactone with a strong odor of coconut,
by Trichoderma harzanium (Sarhy-Bagnon et al. 1997).

Cassava and sugarcane bagasse, apple pomace, giant palm bran, and coffee husk
have been used as substrates for flavor production in SSF (Soccol and Vandenberghe
2003). Fruity flavors were detected in cultures of Ceratocystis fimbriata using coffee
husk as substrate (Medeiros et al. 2006; Soares et al. 2000). The authors found that
the flavor detected in the headspace of the culture depended on the amount
of glucose added to the medium. Increased levels of glucose decreased flavor
intensity. According to the authors, glucose concentration seemed to have a direct
effect on metabolic pathways and thus on the nature of the volatile compounds
produced. Among the compounds produced, ethanol and ethyl acetate were the
most abundant.

Bramorski and others (1998) studied the production of volatile compounds by
the edible fungus Rhizopus oryzae during solid-state cultivation on tropical agro-
industrial substrates. When R. oryzae was grown on a medium containing cassava
bagasse plus soybean meal (5:5 w/w), CO, production rate was at its highest
(200mL/L), whereas the highest volatile metabolite production was with amaranth
grain as the sole substrate (282.8mL/L). In the headspace, ethanol was the most
abundant compound (more than 80%). Acetaldehyde, 1-propanol, ethyl propionate,
and 3-methyl butanol were also present. CO, and volatile metabolite productions
reached their maximum around 20 and 36 h, respectively.

A strain of the yeast Kluyveromyces marxianus was used for the production of
a fruity aroma in SSF using cassava bagasse as substrate (Medeiros et al. 2000).
Experiments were performed with a statistical experimental design. The parameters
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studied were cultivation temperature, pH, initial water content, carbon/nitrogen
(C/N) ratio of substrate, and inoculum size. The initial pH and the C/N ratio of the
medium were statistically significant at 5% level for the production of volatile com-
pounds. Aroma production increased in acidic pH (3.5) medium with a C/N ratio of
100. The results showed the feasibility of using cassava bagasse as substrate to
produce a fruity aroma with K. marxianus in SSF.

Plant Cell Cultures

The production of aroma compounds by adapted plant cell cultures started in the
1970s; these compounds are characteristic to their plant origin. Plant aroma can be
considered as terminal metabolites containing abundant biochemical information;
it differs according to metabolism stages. It is independent of climate, geographic
location, or political situations, and the recuperation of compounds is also relatively
easy. Many differences occur when comparing plant and microbial cells for the
production of aroma compounds: plant cells are more fragile and susceptible to
shear than microbial cells; duplication time and product accumulation is much faster
for microbial cells; production costs are over 10-fold for cell cultures. However,
efforts have been made in order to stimulate synthetic activities by selecting strains
presenting high productivity, optimizing culture conditions, and also the addition of
precursors as well as cell immobilization that may prolong culture viability (Hrazdina
2006).

There are a number of plant cell cultures producing a higher amount of second-
ary metabolites than in intact plants. However, there are still problems in the pro-
duction of metabolites by cell cultures resulting from the instability of cell lines, low
yields, slow growth, and scale-up problems (Rao and Ravishankar 2002).

Plant cell cultures have an ability to transform exogenous substrates, such as
industrial by-products, into products of interest. The bioconversion rates depend on
a variety of factors including the solubility of precursors, the amount of enzyme
activity present, presence of side reaction, and presence of enzymes degrading the
desired product. Peganum harmala cell culture converted geranyl acetate to geraniol
and linalyl acetate to linalool and o-terpeniol. Immobilized cell cultures of Capsicum
frutescens produce vanillin and capsaicin when ferulic acid and vanillylamine as
precursors were added to the medium. Coffea arabica cell culture produces vanillin-
B-D-glucoside from vanillin as precursor (Giri et al. 2001).

Several plants showing their characteristic aroma are also good candidates
for cell culture. Vanilla is the most used flavor ingredient being the major compo-
nent cultured in Vanilla planifolia, followed by p-hydroxybenzaldehyde, vanillic
acid, and p-hydroxybenzyl methyl ether. Strawberry aroma is very complex; it is
constituted by 278 volatile substances, among them are 33 acids, 39 alcohols, 17
aldehydes, 14 ketones, and 103 esters. Tissue culture for strawberry aroma was only
performed for component groups like esters. Other flavors produced by plant cell
cultures include apple, cinnamic acid, caryophyllen (from Lindera strychnifolia),
cocoa, garlic, and onion (Longo and Sanroman 2006). According to the authors,
the efficiencies of plant cell cultures can further be improved using molecular tech-
niques involving site-directed mutagenesis and gene manipulation for substrate
specificity.
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CONCLUSION

Aroma biotechnology is increasing rapidly and is becoming a competitive factor in
the growing market of natural products. Microorganisms such as yeast and fungi
present several opportunities in biosynthesis and biotransformation processes. New
perspectives in microbial aroma production can be found with the elucidation of
the metabolic pathways, with immobilized cultures, and with genetically modified
organisms. Also, as downstream processing is the major drawback in microbial
production, future research in this area will open new avenues for technology trans-
fer. Among technologies, SSF is a good choice as it gives a more concentrated
product. Although plant cell cultures appear as a viable method to produce flavors,
the technology for large-scale production needs to be improved.
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I CHAPTER 7

Genetic Engineering of Fruit Flavors
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INTRODUCTION

The flavors and aromas of fruits are determined by complex mixtures of often hun-
dreds of volatile compounds. For example, more than 300 compounds contribute
in different levels to the characteristic flavor associated with ripe strawberry
fruit (Honkanen and Hirvi 1990) and more than 400 volatiles contribute to the
characteristic aroma of tomatoes and their products (Petro-Turza 1987). These
compounds include metabolites of different chemical groups that include acids,
aldehydes, ketones, alcohols, esters, sulfur compounds, furans, phenols, terpenes,
epoxides,and lactones and are derived from different biosynthetic pathways (Schwab
et al. 2008). Their concentration often varies among different fruit tissues and
represents 10-100ppm or less of the fruit fresh weight. Flavor compounds are
generally formed during ripening when fruit metabolism dramatically changes and
catabolism of high-molecular-weight molecules such as proteins, polysaccharides,
and lipids degrade and are converted to volatile metabolites.

Early research on fruit flavors was focused on identifying components present
in different fruit species (Honkanen and Hirvi 1990). The classification of flavor
compounds was often accompanied by the identification of the most important
substances that convey the characteristic odor unique to a particular fruit (e.g.,
isoamylacetate for banana and methoxyfuraneol for strawberry). Later, researchers
began investigating their biogenesis and the effect that processing and storage
imposed on them. In recent years, additional information on fruit flavors and their
biosynthesis was obtained by using molecular and biochemical approaches. Genes
that directly influence fruit flavor formation have been identified for the main meta-
bolic pathways mainly in tomato, strawberry, and melon fruit. The availability of
information on genes and enzymes associated with pathways of flavor formation
are a prerequisite for genetic engineering. The authors therefore compiled in this
chapter information on key enzymes and genes that affect flavor that have a great
potential in attempts of fruit flavor engineering.

Handbook of Fruit and Vegetable Flavors, Edited by Y. H. Hui
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Albeit limited, the information gathered up to date regarding genes and meta-
bolic pathways that generate fruit flavors is crucial for the future manipulation of
flavors. Metabolic engineering experiments carried out through the use of genes
isolated from non-fruit organs/tissues, as for example leaves and glandular tri-
chomes of herbs, is also important for increasing our capabilities to engineer fruit
flavors. While bioengineering of fruit flavor seems to be of minor importance in the
efforts for crop improvement, if successful, it might have a large commercial impact.
A common, widespread, and often justified consumer dissatisfaction with the flavors
of modern commercially available fruit as compared with memories from the past,
or garden and heirloom cultivars with limited availability, calls for new research and
breeding efforts to introduce the “original flavors” to agricultural produce. At this
stage, it is clear that through modern biotechnological tools, we can influence and
redirect the biosynthesis of fruit flavor compounds (Davidovich-Rikanati et al.
2007). It is still not clear at this stage how these manipulations will positively influ-
ence the public opinion and product acceptability. It is important to note here that
genetic engineering of fruit flavor is not restricted to the introduction of new flavors
or enhancing existing ones but also includes the removal of undesirable metabolites
that generate “off-flavors.” Since most of the molecules that compose the flavor
profiles of fruit may exhibit antifungal or antibacterial bioactivity, it is conceivable
that manipulation of fruit flavor will not only influence the flavor profile of fruit but
will also confer resistance to pests and pathogens. In the first part of this chapter,
the different attempts to engineer flavors in the model fruit tomato will be described.
The second part of this chapter will deal with attempts to engineer flavors in straw-
berry fruit, while the third part will describe the use of flavor genes isolated from
fruit in bioengineering flavor compounds in vegetative tissues of model plant species
such as Arabidopsis and tobacco.

ENGINEERING FLAVORS IN THE MODEL FRUIT TOMATO

Most attempts carried up to date to manipulate the flavor of fruit were carried out
in tomato, partly because tomato is a plant that is easily transformed and carries a
big economical importance since it is widely consumed both fresh and processed
(Davidovich Rikanati et al. 2008a). Despite the great advances in tomato flavor
analysis, breeders and molecular biologists still lack a clear genetic target for selection
and manipulation of tomato flavor quality (Galili et al. 2002; Tieman et al. 2006b).
These efforts focused on overexpression or downregulation of key enzymes involved
in three major routes leading to flavor compounds formation including (1) fatty acid
catabolism through the lipoxygenase pathway, (2) the phenylpropanoid pathway,
and (3) the isoprenoid pathway. The flavor-associated genes characterized and used
for these studies and the outcome of these experiments are described below.

Fatty Acid Catabolism through the Lipoxygenase Pathway

The C6- and C9-aldehydes and alcohols, produced through the fatty acid-derived
lipoxygenase pathway, provide “fresh green” odors in numerous fruits. The tomato
alcohol dehydrogenase (ADH?2) that catalyzes the conversion of aldehydes to alco-
hols was associated with fruit flavor biogenesis (Bicsak et al. 1982; Longhurst et al.
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1990). In the same pathway, a tomato lipoxygenase gene (TomloxC) was recently
characterized and associated with the formation of tomato flavor compounds (Chen
et al. 2004).

Manipulation of the fatty acid catabolism pathway was attempted in a few points
of the pathway. Expression of a yeast A9-desaturase gene driven by the CaMV 35S
promoter in tomato led to changes in the levels of unsaturated as well as saturated
fatty acids in tomato leaves and fruit (Wang et al. 1996, 2001). Increases in palmi-
toleic acid, 9,12-hexadienoic acid, and linoleic acid were observed along with a
reduction in palmitic acid and stearic acid. Changes in the profile of fatty acids were
associated with a significant increase in flavor compounds derived from fatty acids,
most notably cis-3-hexenol, 1-hexanol, hexanal, and cis-3-hexenal. Certain flavor
compounds not derived from fatty acids, viz. 6-methyl-5-hepten-2-one and 2-
isobutylthiazole, also showed increases in transgenic fruits. These results show that
changes in the levels of fatty acids in a plant could lead to changes in its profile of
flavor compounds. However, the effect of these alterations in tomato volatiles on
the flavor of the fruit was not evaluated.

The tomato gene TomloxC (a lipoxygenase) is involved in the generation of vola-
tile C6-aldehyde and alcohol flavor compounds (Chen et al. 2004). Tomatoes with
reduced expression level of TomloxC mRNA possessed a marked reduction in the
levels of known flavor volatiles, including hexanal, hexenal, and hexenol, to as little
as 1.5% of those of wild-type controls following maceration of ripening fruit.
Addition of linoleic or linolenic acid to fruit homogenates significantly increased
the levels of flavor volatiles, but the increase with the TomloxC-depleted transgenic
fruit extracts was much lower than with the wild-type controls. These results dem-
onstrated that the TomloxC lipoxygenase isoform has a key role in the generation
of the volatile C6 flavor compounds.

Overexpression of a tomato alcohol-dehydrogenase gene in a fruit-specific
manner altered the ratio of short-chain aldehydes to alcohols (Prestage et al. 1999;
Speirs et al. 1998). This manipulation resulted in small changes to the fruit volatile
profiles that were found to affect the perception of their aroma by a taste panel.

Engineering Flavors Derived from the Phenylpropanoid Pathway

Phenylpropanoid pathway derivatives are also major contributors to the flavors of
fruit. The volatile compounds 2-phenyacetaldehyde and 2-phenylethanol are impor-
tant for the flavor of ripe tomato, strawberry, and grape (Aubert et al.2005). Recently,
genes involved in their biogenesis have been characterized from tomato (Tieman
et al.2006a,2007). The proteins encoded by a small family of tomato decarboxylases
(LeAADCIA, LeAADCIB, LeAADC2) catalyze the first committed step in the
pathway in which phenylalanine is directly decarboxylated to phenylethylamine.
Tieman and others (2007) reported on the characterization of LePAR1 and LePAR2
that catalyze the conversion of 2-phenylacetaldehyde to 2-phenylethanol. Both
compounds are pleasant at low concentrations, whereas 2-phenylacetaldehyde dis-
plays an unpleasant nauseating note at high concentrations (Tadmor et al. 2002).
Indeed, the tomato wild relative Solanum pennelli contains extremely high levels of
2-phenylacetaldehyde and 2-phenylethanol, and this trait (malodorous) was prob-
ably lost during tomato domestication (Tadmor et al. 2002). While LePARI, a
member of the short-chain dehydrogenase/reductase family, exhibits higher activity
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with 2-phenylacetaldehyde (compared with shorter- or longer-chain derivatives),
LePAR?2 shows similar activity with substrates of varying type and chain length (e.g.,
benzaldehyde and cinnamaladehyde). Tieman and others (2007) also found that the
LePARLI reaction is not reversible.

Genetic engineering of the phenylalanine catabolism pathway confirmed the
biosynthetic route leading to the production of some phenylalanine volatile deriva-
tives (Tieman et al. 2006a). Overexpression of either LeAADC1A or LeAADC2
resulted in fruits with up to 10-fold increased emissions of the products of
the pathway, including 2-phenylacetaldehyde, 2-phenylethanol, and 1-nitro-2-
phenylethane (Tadmor et al. 2002). Further, antisense reduction of LeAADC2
significantly reduced emissions of these volatiles. These results show that it is
possible to change phenylalanine-based flavor and aroma volatiles in tomatoes
by manipulating the expression of a single gene. However, in both cases, the effect
of these alterations in the tomato volatiles on the flavor of the fruit was not
evaluated.

Engineering Flavors Derived from the Isoprenoid (Terpenoid) Pathway

Isoprenoid pathway derivatives (terpenoids), for example, mono- and sesquiter-
penes (Cy and Cis, respectively), are very often part of fruit flavor profiles
(Davidovich-Rikanati et al. 2008a). Their carbohydrate precursors are utilized by
two parallel pathways in the plastids and the cytosol to generate a myriad of terpe-
noid compounds with very different flavors. Numerous members of the terpene
synthase gene family that catalyze the formation of mono- and sesquiterpenes from
their prenyl diphosphate precursors (geranyl diphosphate [GDP] and farnesyl
diphosphate [FDP] for mono- and sesquiterpene, respectively) have been character-
ized from multiple plant species, including fruit. Citrus fruit species are especially
known for the production of volatile terpenoids, mainly mono- and sesquiterpenes,
R-limonene being the most known as it normally accounts for approximately 90%
of their essential oils. Apart from the characterization of limonene synthase genes
from Citrus limon (El Tamer et al. 2003a; Liicker et al. 2002), quite a few more
terpene synthases were isolated from various citrus species. These included a -
terpinene synthase from Citrus unshui (Satsuma mandarin; Suzuki et al. 2004), (E)-
beta farnesene synthase from Citrus junos (Maruyama et al. 2001), and B-pinene
and y-terpinene synthases from C. limon (Liicker et al.2002). Sharon-Asa and others
(2003) described the characterization of a sesquiterpene synthase that catalyzes the
formation of the important orange flavor compound valencene. Several more
terpene synthases were isolated from grapes including valencene and germacrene
D synthases by Liicker and others (2004a) and o-terpineol synthase by Martin and
Bohlmann (2004). An (E,E)-a-farnesene synthase was isolated from apple fruit peel
by Pechous and Whitaker (2004). Terpene synthases from both the cultivated and
wild strawberry were suggested to be responsible for the generation of multiple
monoterpenes such as o-pinene and linalool and the sesquiterpene nerolidol
(Aharoni et al. 2004). While many mono- and sesquiterpenes are direct products of
terpene synthases, many others are formed through transformation of the initial
products by, for example, oxidation, glycosylation, and acylation (Schwab et al.
2008). Aharoni and others (2004) demonstrated that a strawberry gene encoding a
cytochrome P450 enzyme is capable of hydroxylating the primary monoterpene
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o-pinene to myrtenol, which is highly abundant in the flavor profile of the wild
strawberry species. Since monoterpenes are important aroma constituents in many
plant species, many studies have yielded genes that direct their formation (Tholl
2006). Monoterpenes are also important contributors to many floral and fruit fra-
grances. These volatiles are synthesized from GDP, which is also an intermediate in
the pathway leading to the biosynthesis of carotenoids. Therefore, this pathway is
highly active in ripening tomato fruits, leading to the production of lycopene. The
first attempt to genetically manipulate the tomato terpenoid pathway to produce
monoterpenes was the ectopic expression of the Clarkia breweri linalool synthase
(LIS) gene under the control of the tomato late ripening E8 promoter (Lewinsohn
et al. 2001). The expression of LIS in tomatoes led to the production and accumula-
tion of detectable levels of (S)-linalool and 8-hydroxy linalool in ripening fruits,
without noticeably affecting the accumulation of fruit carotenoids. These results
indicated for the first time that it is possible to increase the levels of monoterpenes
in tomatoes. However, the effect of this addition to the tomato aroma perception
by consumers remained to be tested.

In a following work, the tomato terpenoid pathway was modified by the ectopic
expression of the geraniol synthase (GES) gene isolated from lemon basil (Ocimum
basilicum) (Iijima et al. 2004) under the control of the fruit-ripening-specific tomato
polygalacturonase (PG) promoter (Davidovich-Rikanati et al. 2007) (Fig. 7.1).
The volatile profiles of transgenic ripe tomato fruit showed high concentrations
(5-1800ng/g fresh weight [FW]) of more than 10 new monoterpene compounds
that did not appear or appeared in minute levels in the volatile profile of the
control fruits. These compounds included the important aroma volatiles geraniol
(possessing a strong rose scent) as well as the geraniol derivatives, citral (geranial
and neral, lemon scented), citronellol (rose scented), geranic acid, and neric acid. A
taste trial was conducted to study the effect of these added volatiles on the taste
and aroma of the fruit. Indeed, taste panelists reported marked differences in the
overall aroma and taste of the transgenic tomato fruits (Davidovich-Rikanati et al.
2007). The aroma of the transgenic fruits was often described to have an added
“flowery” or “lemony” note.

Recently, another gene isolated from lemon basil, a-zingiberene synthase (Z1S),
was used to genetically engineer tomato aroma. This gene is a member of the Tps
family and encodes a gene that encodes an enzyme that catalyzes the formation of
o-zingiberene and other sesquiterpenes from FDP, as well as monoterpenes such as
o-thujene, a-pinene, B-phellandrene, and y-terpinene from GDP. Transgenic tomato
fruits overexpressing ZIS under the control of the fruit-ripening-specific tomato PG
accumulated high levels of o-zingiberene and other sesquiterpenes, such as -
bergamotene, 7-epi-sesquithujene, B-bisabolene, and B-curcumene, while no sesqui-
terpenes were detected in nontransformed control fruits. The ZIS-transgenic fruits
also produced monoterpenes, such as o-thujene, o-pinene, B-phellandrene, and y-
terpinene, that were not detected or were found only in minute concentrations in
control fruits (Davidovich-Rikanati et al. 2008b). Since the ZIS protein apparently
lacks a transit peptide and is localized in the cytosol, the production of monoter-
penes in the transgenic tomatoes suggests that a pool of GDP is available in the
cytosol. The phenotype of the ZIS-transgenic tomatoes was the same as that for
wild-type tomatoes with regard to plant vigor and shape, but transgenic plants
exhibited a small decrease in lycopene content.
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Plastidic terpenoid pathway
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Figure 7.1. Redirection of the plastidial terpenoid pathway in tomato fruit to the production
of aroma compounds. The Clarkia breweri (S)-linalool synthase gene was ectopically expressed
in tomato fruit under the direction of the E8 promoter (right side, broken lines). This resulted
in the accumulation of (§)-linalool and 8-hydroxy linalool (Lewinsohn et al. 2001) but carried
minimal effects on fruit aroma. In subsequent experiments, the Ocimum basilicum geraniol
synthase gene was ectopically expressed in tomato fruit using the PG promoter. This manipu-
lation resulted in the accumulation of geraniol and more than 10 novel volatiles, and a
profound change in flavor, as determined by untrained taste panelists (Davidovich-Rikanati
et al. 2007).

The tetraterpenoids carotenoids, a different class of isoprenoids, are important
plant pigments but also serve as precursors for the formation of apocarotenoids
volatiles such as B-ionone that are very potent and important aroma compounds.
The cleavage of carotenoids to apocarotenoids at specific sites was shown to be
carried out by carotenoid cleavage dioxygenases (CCDs; Schmidt et al. 2006). In
tomato, the synthesis of B-ionone, geranyl acetone, and 6-methyl-5-heptene-2-one
increases during fruit ripening, and this is mediated by the LeCCDI and LeCCD?2
genes (Simkin et al. 2004). Similar genes isolated from grapes and melon were sug-
gested to catalyze the formation of partially similar but also different types of
apocarotenoids that contribute to the flavor and aroma of the fruit (Ibdah et al.
2006; Mathieu et al. 2005).

The role of CCDs in the production of carotenoid-derived volatiles of tomato
has been demonstrated by the downregulation of LeCCDIB gene (Simkin et al.
2004). Transgenic tomatoes exhibited 50% decrease in B-ionone (a P-carotene-
derived C13 cyclohexone) and 60% decrease in geranylacetone, a C13 acyclic
product likely derived from a lycopene precursor. However, the opposite effect of
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the overexpression of CCDs in tomato is still absent. The effect of these alterations
in tomato volatiles on the flavor of the fruit was not evaluated.

Concluding, genetic engineering has led to the manipulation of the main biosyn-
thetic pathways that affect tomato aroma, not only confirming the biosynthetic
routes but also affording novel flavors in tomato fruit (Davidovich-Rikanati et al.
2008a). With the advent of additional flavor affecting genes, it will be possible to
generate tomatoes with varied and enhanced flavors. Still, it is for consumers to
decide whether such innovative tomatoes will be accepted.

ENGINEERING THE FLAVOR OF STRAWBERRY FRUIT

Strawberry fruits are well-known for their richness in flavors. The typical flavor of
strawberry is most popular in foodstuffs. Nearly 400 of the volatile compounds
responsible for strawberry’s unique flavor have been identified up to date (Raab et al.
2006). The major compound that generates strawberry flavor is 4-hydroxy-2,5-
dimethyl-3(2H)-furanone (furaneol)—a compound that possesses a powerful straw-
berry aroma, is highly concentrated in strawberry, and has low odor threshold. The
rich flavor profile and the abundance of furaneol made strawberry important for deci-
phering fruit flavor formation. In recent years, several key flavor genes, from different
metabolic pathways, have been isolated from this fruit species as described below.

Several 4-hydroxy-3(2H)-furanones are strongly associated with fruit flavor,
mainly in strawberry and pineapple (Wein et al. 2001,2002). These furanones posses
a unique biosynthesis route as they are produced directly from carbohydrates
without prior degradation of the carbon skeleton. Genes associated with two
members of this class of fruit flavors, namely furaneol and methoxyfuraneol, have
been identified. The route to furaneol formation starts by the conversion of
D-fructose-1,6-diphosphate to 4-hydroxy-5-methyl-2-methylene-3(2H)-furanone by
a yet unknown enzyme, and the latter compound serves as a substrate for an enone
reductase to form furaneol. Furaneol is further converted to its methoxy form by
the action of a promiscuous O-methyltransferase such as the one from ripe straw-
berry fruits (FAOMT; Wein et al. 2002). Antisense expression of the FatOMT gene
under the control of a constitutive promoter resulted in a near total loss of methoxy-
furaneol (Lunkenbein et al. 2006a). The reduced level of methoxyfurnaeol was only
perceived by one-third of the panelists, a result consistent with the outcome of
aroma extract dilution assay.

In strawberry, methyl and ethyl esters of cinnamate are important fruit flavors
(Hirvi and Honkanen 1982). It was suggested that these esters are formed through
activated (hydroxy)cinnamoyl Glucose (Glc) ester intermediates. Phenylpropanoid
acids such as hydroxycinnamic acids are often found in conjugated forms such as
Glc esters, and these have been found in strawberry fruit (Latza et al. 1996). A key
gene in this pathway, encoding a UDP-Glc:cinnamate glucosyltransferase (FaGT2)
was isolated from strawberry and shown to encode a protein able to generate the
1-O-acyl-Glc esters of cinnamic acid in vitro (Lunkenbein et al. 2006b). To examine
the function of FaGT2 in vivo, the same authors generated transgenic strawberry
plants silenced for FaGT2 expression. The results showed that FaGT?2 is involved
in the production of cinnamoyl-Glc. Nevertheless, since the strawberry cultivar used
for the experiments contained only low levels of methyl and ethyl cinnamate, it was
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not possible to determine whether the FaGT2 enzyme provided the precursors for
these two constituents of strawberry flavor.

The precursors for aliphatic, branched-chain thioesters and aromatic ester forma-
tion are derived from fatty acid -oxidation and amino acid degradation that gener-
ates acyl-CoAs and alcohols. Alcohol acyltransferase (AATs) enzymes combine
with very high promiscuity various acyl-CoAs and alcohols to form esters. A large
number of AAT genes were isolated and characterized in recent years from various
fruit species including wild and cultivated strawberry, melon, banana, and grapes
(Aharoni et al. 2000; Beekwilder et al. 2004; Souleyre et al. 2005; Wang and De Luca
2005; Yahyaoui et al. 2002). Some of these genes have been used with a modicum
of success to augment the aromas of flowers (Aranovich et al. 2007; Ben Zvi et al.
2008; Dudareva and Pichersky 2008).

ENGINEERING FRUIT FLAVOR GENES IN ADDITIONAL ORGANS OTHER
THAN IN FRUIT

The information gathered along the years with respect to metabolic pathways and
genes that are involved in fruit flavor formation was also directed toward the engi-
neering of other plant organs apart from fruit. Since many of the volatiles that are
involved in the formation of aromas also have ecological roles in defense and com-
munication, these studies have been targeted at conferring resistance to pests and
pathogens to the transgenic plants. Genes involved in flavor production isolated
from fruit were used to manipulate their respective biosynthetic pathways in model
species such as Arabidopsis and tobacco. Although these studies cannot model the
outcome of similar engineering strategies in fruit, they could provide valuable infor-
mation with respect to important engineering issues such as precursor availability,
subcellular compartmentization, cross talk, and networking between pathways. Up
to date, nearly all of these experiments were carried out with genes related to the
isoprenoid (or terpenoid) pathway.

A model plant such as Arabidopsis (Arabidopsis thaliana) could be extremely
helpful for evaluating flavor engineering strategies. Flowers of Arabidopsis produce
a large number of mono- and sesquiterpenes, whereas leaves produce only trace
amounts of limonene and B-myrcene (Aharoni et al. 2003; Chen et al. 2003). Leaves
of transgenic Arabidopsis plants constitutively overexpressing the strawberry
FaNESI gene (Fragaria Ananassa Nerolidol Synthase 1) encoding a linalool and
nerolidol synthase produced and emitted free hydroxylated and glycosylated lin-
alool derivatives (Aharoni et al. 2003). As in other cases, the newly formed mono-
terpene was converted by endogenous enzymes, most probably hydroxylases
and glycosyl transferases to various derivatives. Interestingly, in Arabidopsis and
potato transformed with the same gene (FaNESI), the same 8-hydroxy derivatives
were detected (E-8-hydroxy linalool, Z-8-hydroxy linalool, and E-8-hydroxy
6,7-dihydrolinalool), but their glycosylation pattern was different (Aharoni et al.
2006). The different profiles of linalool derivatives identified in these transgenic
plants illustrate the dramatic influence of the plant genetic makeup on the outcome
of metabolic engineering.

Additional experiments in Arabidopsis using the strawberry fruit FaNESI
gene demonstrated the importance of subcellular localization of enzymes used for
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engineering (Aharoni et al. 2005). Expressing the strawberry FaNESI gene in
Arabidopsis using plastidic targeting resulted in the production of small amounts of
the sesquiterpene nerolidol (Aharoni et al. 2003). This was unexpected because
it is generally assumed that sesquiterpenes are only produced in the cytosol and
showed that FDP is also available in the plastids. On the other hand, targeting the
same strawberry gene to the mitochondria resulted in the enhanced production of
nerolidol that was coupled to the formation of its derivative, the C11 homoterpene
4 8-dimethyl-1,3(E),7-nonatriene ((E)-DMNT; Kappers et al. 2005)).

In transgenic tobacco, Liicker and others (2004b) achieved substantial production
of three new monoterpene products (y-terpinene, (+)-limonene, and (-)-B-pinene)
by introducing the three corresponding lemon monoterpene synthases to an indi-
vidual plant. The products were emitted by the leaves as well as the flowers of the
transgenics. The same transgenic tobacco plants already expressing three lemon
monoterpene synthases, including limonene synthase, were retransformed with
a construct designed for the overexpression of a Mentha spicata limonene-3-
hydroxylase cDNA (Liicker et al. 2004c). Plants combining the expression of the
four genes emitted (+)-trans-isopiperitenol, the product of limonene C-3 hydroxyl-
ation, and some of its derivatives. Because limonene synthase activity in the
transgenic tobacco was targeted to the plastids and the cytochrome P450—using the
natural targeting—to the endoplasmic reticulum, this result demonstrated that
the “normal” transport mechanisms operating in terpene-producing plants and cells
are also operable in transgenic plants and hence that multiple-step metabolic
engineering of monoterpene biosynthesis involving two (or more) different cellular
compartments is feasible. Indeed, high levels of sesquiterpenes in transgenic tobacco
plants were obtained by the genetically engineered redirection of cytosolic or
plastidic isoprenoid precursors (Wu et al. 2006).

El Tamer and others (2003b) carried out a sensory analysis of transgenic tobacco
plants engineered for terpenoid production by a human panel. Transgenic tobacco
plants engineered with lemon terpene synthases that produce three additional
monoterpenes in their volatile profile (y-terpinene, (+)-limonene, and (-)-f-pinene
described above in Liicker and others 2004b) were used. The human panel detected
a significant difference between the transgenic and the control plants, although this
difference could not be associated to a series of sensory attributes, probably as a
result of insufficient panel training (El Tamer et al. 2003b).

The experiments described above also demonstrated that engineering secondary
metabolites such as flavor compounds could have a major impact on plant develop-
ment, reproduction, and interaction with the environment. Strong and constitutive
expression of FaNESI in both Arabidopsis and potato had a major effect on plant
growth (Aharoni et al. 2003, 2006). Depletion of isoprenoid precursors or the pos-
sibly toxic effects of the introduced terpenoids may be the reasons for such pheno-
types. As mentioned above, most of the molecules that compose a flavor profile
might act as defense compounds. Indeed, Arabidopsis plants producing (E)-DMNT
(Kappers et al. 2005) were attractive to the carnivorous predatory mites Phytoseiulus
persimilis, natural enemies of spider mites. Linalool-producing Arabidopsis plants
repelled the aphid Mysus persicae in dual-choice assays (Aharoni et al. 2003).

The importance of precursor availability for engineering flavors was demon-
strated by Beekwilder and others (2004) who overexpressed the strawberry fruit
alcohol acyltransferase (SAAT) in transgenic petunia (Petunia hybrida) in order to
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assess the potential for metabolic engineering of ester production. While the expres-
sion of SAAT and the activity of the corresponding enzyme were readily detected
in transgenic plants, the volatile profile was found to be unaltered. Feeding of alco-
hols such as isoamyl alcohol to explants of transgenic lines resulted in the emission
of the corresponding esters. This confirmed that the availability of alcohol substrates
is an important parameter to consider when engineering volatile ester formation in
plants.

Thus, learning the lessons from engineering fruit flavor genes in different plant
organs and species is important for the future engineering of fruit flavors.

FUTURE PROSPECTS

The significant progress of last years in the isolation and characterization of key
genes affecting fruit flavor has made an important addition to our attempts to
enhance and modify flavors in fruit using genetic engineering. These advancements
were mainly achieved through the development of new genomics tools, including
large-scale gene expression analysis and sequencing. The recent developments in
metabolic profiling and mass spectrometry have been very important for the iden-
tification of new flavor genes. Nevertheless, we still lack a large part of the picture
with respect to the metabolic network that generates flavor molecules and to the
means of their metabolic control. Metabolic engineering experiments both in fruits
as well as in other plant organs demonstrated that it is possible to manipulate known
flavor producing pathways. The use of genetic engineering has some major advan-
tages over the use of classical breeding for improving fruit flavors. One of the
important advantages is the possibility to modify a plant trait in a surgical manner,
in a particular organ, cell layer, and even a single cell at a specific time. This impor-
tant capability will undoubtedly be used when engineering flavor compounds, in
order to avoid major alteration to the growth and fitness of transgenic plants. The
introduction of fruit flavor genes to vegetative organs of different species demon-
strated that such approaches can provide us with valuable information that will aid
in the future design of fruit flavor engineering strategies.

Since the characteristic flavor of a particular fruit is a result of a combination of
hundreds of molecules, it will be difficult to predict the outcome of engineering
flavors in fruit. Still, promiscuity of enzymes involved in secondary metabolism and
the many examples of the formation of many novel compounds upon transgenesis
with a single gene indicate that there may not be a need to engineer a large number
of genes to achieve a substantial effect in volatile accumulation. In the future,
we will be witnessing multidisciplinary work combining genetic engineering and
chemical and metabolomic determinations, together with sensory evaluations
carried out by professional panelists, to estimate the effect on human perception
and preference.
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