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ABSTRACT 

 

Tomatoes often lack the characteristic good taste that consumers expect. In 

recent years, the fruit and vegetable industry has focused on traits such as 

yield, colour, and fruit size; however, flavour has been largely forgotten, at 

least for varieties that are grown in bulk and are cheap to purchase. Tomato 

volatiles are one of the most important flavour contributors along with sugars 

and organic acids. Over 400 volatiles are present in tomato, but only about 30 

are considered critical to tomato flavour. The purpose of this study was to 

identify volatile Quantitative Trait Loci (vQTL) using publicly available Solanum 

pennellii and Solanum habrochaites introgression lines (ILs). Detection of 

vQTL is an essential milestone for identification of candidate genes involved in 

tomato flavour. 

Identification of vQTL was undertaken by screening the ILs using Atmospheric 

Pressure Chemical Ionisation Mass Spectrometry (APCI-MS) and Gas 

Chromatography Mass Spectrometry (GC-MS). Additionally key volatiles and 

their interactions were evaluated in a series of sensory experiments using 

tomato juice and tomato purée. 

The study revealed that, the S. pennellii population had several major effects 

including those on IL1-4, which had a vQTL for C6 volatile E-2-hexenal. It was 

possible to identify a sub-IL, 1-4-1 that also harboured this vQTL. In this IL1-4-

1 region of chromosome 1, 122 genes were present including a possible, 

candidate gene likely to be involved in lipoxygenase pathway. The sensory 

experiments showed strong impact of methyl salicylate on other volatiles; E-2-

hexenal and citral showed positive effects in purée studies. Determined taste 

detection thresholds for volatiles in tomato juice and purée were established. 

Keywords: volatile, genes, tomato juice, tomato purée, flavour 
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ñIt was the best of times, it was the worst of times, it was 
the age of wisdom, it was the age of foolishness, it was the 
epoch of belief, it was the epoch of incredulity, it was the 
season of Light, it was the season of Darkness, it was the 
spring of hope, it was the winter of despair, we had 
everything before us, we had nothing before us, we were all 
going direct to Heaven, we were all going direct the other 
way . . ."  

 
Charles Dickens òA Tale  of Two Citiesó 
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CHAPTER 1: 

Introduction and literature review 

1.1 Tomato History 

Tomato (Solanum lycopersicum) is the most important fruit crop in the world 

by volume consumed. Solanum alongside Capsicum and Nicotiana represent 

economicaly important comodities (Langer and Hill, 1999). Domestication of 

tomato is relatively recent, within the past 400 years. S. lycopersicum is 

thought to have originally been domesticated in maize fields by ancient 

Mexicans, with Peru as the centre of diversity for the genus. Cultivated 

tomatoes were introduced to Europe, after the discovery of America, and they 

originated from Andean region in west and south part of this continent (Davies 

and Hobson, 1981). Initially tomato was known as pomidôoro and mala aurea 

(golden apple) and sometimes as poma amoris (love apple). The modern 

name ñtomatoò originated from Nahua Tongue of Mexico were they used to 

call this fruit ñtomatlò (Goodenough, 1990).  

In comparison with small wild type species, the European tomatoes 

were much larger (Rick, 1978). Solanum is subdivided into 2 subgenera, the 

Eriopersicon and Eulycopersicon. The cultivated tomato has been a subject of 

narrowing of the germplasm caused by genetic bottlenecks and selection. The 

major utilization of tomato germplasm for crop improvement in the past 20 

years has been the use of wild species as sources of genetic variation. This 

has led to an important application of wild species introgressions and as a 

result, an increase in molecular genetic variation in and around regions that 

have been introgressed from wild species. Wild species have been used as 

sources of variation for disease and insect resistances or tolerances, abiotic 
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stress tolerances, and for fruit quality (Robertson 2007). Characteristics of 

some tomato species are presented in Table 1.1.  

Table 1.1 Origins and characteristics of cultivated tomato and wild species. 

Two Subgenera of genus Solanum are presented (from Taylor 1986, 

Goodenough, 1990; Hobson and Grierson, 1993). 

Subgenera Species Characteristics Origin 

Eulycopersicon 

 

Normal fruits with 

red or red-yellow 

colour 

S. lycopersicum 

(cultivated tomato) 

Self-pollination is 

automatic 

Mexico, central 

and southern 

America 

S. lycopersicum 

var. cerasiforme 

(cherry tomato) 

Resistance to 

fungus and root 

rotting 

Central and 

southern 

America, the 

region of Andean 

foothills 

S. pimpinellifolium 

(currant tomato) 

Resistance against 

diseases, improved 

composition and 

colour 

Ecuador and 

north part of 

inter-Andean 

regions in Peru 

S. cheesmaniae Fruit stalks are 

jointless, tolerance 

for salt 

Galapagos 

islands 

Eriopersicon 

 

Hairy, white-green 

with purple stripes 

S. peruvianum Resistance to 

disease and pests, 

vitamin C content 

High Andes in 

Peru and some 

coastal regions 

S. habrochaites Resistance to 

disease and pests, 

tolerance for low 

temperature, 

improved fruit colour 

Peru and 

Ecuador, high 

altitudes 

S. chilense Cold, virus drought 

and disease 

resistance 

Northern Chile 

and southern 

part of Peru 

S. chmielewskii Improved 

composition, fruit 

colour and total 

solids 

Peruvian Andes, 

high region 

S. parviflorum Improved 

composition, fruit 

colour and total 

solids 

Peruvian Andes, 

high region 
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1.2 Economic importance and nutritional value of tomato 

Tomato is known as protective food, because of its special nutritive 

value and because of its wide spread production. Tomato is the most 

important vegetable crop cultivated for its fleshy fruits and has a global value 

in excess of $31B (FAOSTAT, 2008). It is considered as important commercial 

and dietary vegetable crop. This commodity is a short duration crop and gives 

high yield, it is important from economic point of view and hence area under its 

cultivation is increasing day by day. Tomato is widely used fresh, as well as in 

processed and preserved products, like ketch-up, sauce, chutney, soup, 

paste, purée. Tomato is a rich source of minerals, vitamins and organic acids, 

essential amino acids and dietary fibres. It is also a rich source of vitamin A 

and C; it also contains minerals like iron, phosphorus. Nutritional value of 

tomatoes is presented in Table 1.2.  

In the United States tomato accounts for 14.5% of the economic value 

of fresh market vegetable production and 50.7% of the economic value of 

processed production of vegetables (Robertson 2007). United States is the 

second biggest tomato producer after China. Details of tomato production per 

country are presented in Table 1.3. 
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Table 1.2 Nutritional value of tomato. Data compiled from USDA National 
Nutrient Database for Standard Reference, Release 24 (2011) 
http://www.nal.usda.gov/fnic/foodcomp/search/ 

Constituent Compositional amount per 100g (in mg) 

Water 94520 

Protein 880 

Fructose 1370 

Glucose (dextrose) 1250 

Calcium, Ca 10 

Iron, Fe 0.27 

Magnesium, Mg 11 

Phosphorus, P 24 

Potassium, K 237 

Sodium, Na 5 

Zinc, Zn 0.17 

Copper, Cu 0.059 

Manganese, Mn 0.114 

Fluoride, F 0.0023 

Vitamin C, total ascorbic acid 13.7 

Thiamine 0.037 

Riboflavin 0.019 

Niacin 0.594 

Pantothenic acid 0.089 

Vitamin B-6 0.08 

Folate, total 0.015 

Choline, total 6.7 

Betaine 0.1 

Carotene, beta 0.449 

Carotene, alpha 0.101 

Lycopene 2.573 

Lutein + zeaxanthin 0.123 

Vitamin E (alpha-tocopherol) 0.54 

Tocopherol, beta 0.01 

Tocopherol, gamma 0.12 

Vitamin K (phylloquinone) 0.0079 

Fatty acids, total saturated 28 

Fatty acids, total monounsaturated 31 

Tryptophan 6 

Threonine 27 

Isoleucine 18 

Leucine 25 

Lysine 27 

Methionine 6 

Cysteine 9 

Phenylalanine 27 

Tyrosine 14 

Valine 18 

Arginine 21 

Histidine 14 

Alanine 27 

Aspartic acid 135 

Glutamic acid 431 

Glycine 19 

Proline 15 

Serine 26 

 

http://www.nal.usda.gov/fnic/foodcomp/search/
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Table 1.3 Worldwide tomato production in 2008. Data from FAOSTAT, 

unofficial figures (http://faostat.fao.org/site/339/default.aspx). 

Rank Country Production in thousand 

tonnes 

1 China 33938.708 

2 United States of America 13718.2 

3 Turkey 10985.4 

4 India 10303 

5 Egypt 9204.1 

6 Italy 5976.91 

7 Iran (Islamic Republic of) 4826.4 

8 Spain 4049.75 

9 Brazil 3867.66 

10 Mexico 2936.77 

11 Russian Federation 1938.71 

12 Uzbekistan 1930 

13 Nigeria 1701 

14 Ukraine 1492.1 

15 Greece 1338.6 

16 Morocco 1312.31 

17 Tunisia 1170 

18 Syrian Arab Republic 1163.3 

19 Portugal 1147.6 

20 Chile 977 

 

http://faostat.fao.org/site/339/default.aspx


Chapter 1: Introduction and literature review 

University of Nottingham Piotr Jasionowicz 2011 6 

 

Within last ten years tomato production steadily increased. It was an effect of 

growing economic importance of this crop as well as capability of tomato 

production through whole year (fields, high tunnels and glasshouses). In the 

last decade the production incresed over 32 million tonnes worldwide in 

comparison with FAOSTAT data from 1999 (Figure 1.1). 

 

Figure 1.1 Tomato worldwide production in the last decade. Figure drawn 

using data from FAOSTAT (http://faostat.fao.org/site/567/default.aspx#ancor). 

 

1.3 Tomato biology 

Tomatoes are diploid with, like most of Solanaceous species, a basic  

chromosome number of 12. Nowadays the majority of commercial varieties of 

tomatoes are grown throughout the year. Tomato plants are capable of 

growing up to 2 meters height, but struggle to carry the weight of the fruits at 

this height. Young plants are naturally growing straight, but from a commercial 
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point of view, determinate varieties are more preferable. Determinate varieties 

have a predetermined number of stems, leaves, and flowers hardwired into 

their genetic structure. The development of these plants follows a well-defined 

pattern. First, there is an initial vegetative stage during which all the stems, 

most of the leaves, and a few fruit are formed. This is followed by a flush of 

flowering and final leaf expansion. Finally, during the fruit-fill stage, there is no 

further vegetative growth. The tomato fruits ripen, the leaves senesce and die. 

Commercial growers favour this type of tomato, because all the fruits can be 

mechanically harvested at once. Indeterminate tomato plants continue to 

grow, limited only by the length of the season. These plants produce stems, 

leaves, and fruit as long as they are alive. Inflorescences that contain 4 to 12 

flowers are created from their leaf axils, very often after the plant would 

produce 9 leaves. Flowers show a high degree of self-pollination (Rick 1978).  

There are thousands of tomato varieties and their classification can be 

difficult, but in general we can identify three different ways of classification. 

Classification based on genetic line distinguishes two groups of tomatoes. 

Heirloom tomatoes are strains that have been reproduced for generations 

without cross-breeding. The other group, are hybrid tomatoes and these are a 

cross between two different varieties. Hybrids are cultivated both commercially 

and in the home garden. Second classification is based on the length of time 

during which tomato plant produces the fruits, we identify here determinate 

and indeterminate tomatoes. The last method of classification is based on the 

fruit shape. Using the last method of classification, we can differentiate 

tomatoes into four groups, which are presented in Table 1.4.  
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Table 1.4 Tomato varieties based on fruit shape. 

Variety Characteristics Example 

Classic tomatoes This is a round variety and is 

the most popular type of 

tomato. They are good for 

salads, grilling, baking or 

frying and used as a cooking 

ingredient for soups and 

sauces. 

Ailsa Craig 

Cherry or cocktail 

tomatoes 

These are much smaller than 

the traditional classic tomato. 

Cherry tomatoes are the 

smallest and cocktail 

tomatoes slightly larger. Both 

are very sweet and have a 

concentrated flavour. Most 

cherry tomatoes are red, but 

golden, orange, and yellow 

varieties are also available. 

Cherry tomatoes are 

delicious eaten whole and 

raw, or cooked. Cocktail 

tomatoes can be halved for 

salads, and are great for 

grilling. 

Sweet 100, 

Gardener's 

Delight, Santorini, 

Tomaccio 

Plum and baby plum 

tomatoes 

These have a distinctive oval 

shape. Their flesh is firm and 

they have less liquid in the 

centre. They are the natural 

choice for pizzas and pasta 

dishes and their fleshy 

texture makes them ideal for 

the barbecue. The smallest, 

baby plum types are 

sometimes called mini plum 

and are popular among 

children 

Roma VF, San 

Marzano, Amish 

Paste, Costoluto 

Genovese 

Beef tomatoes These are larger than the 

traditional round tomato. 

Their size and shape make 

them excellent for stuffing 

and baking whole. There is a 

range of beef tomatoes 

available, varying in their 

shape and texture. 

Beefmaster VFN, 

Beefsteak VFN, 

Big Beef, 

Brandywine, 

Bucking Bronco, 

Cherokee Purple, 

Marmande, 

Mortgage Lifter 

 

http://en.wikipedia.org/wiki/Roma_Tomato
http://en.wikipedia.org/wiki/San_Marzano_tomato
http://en.wikipedia.org/wiki/San_Marzano_tomato
http://en.wikipedia.org/wiki/Brandywine_(tomato)
http://en.wikipedia.org/wiki/Cherokee_Purple
http://en.wikipedia.org/wiki/Mortgage_Lifter
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1.4 Morphology of the tomato fruit 

Tomato fruit is attached to the rest of the plant by the pedicel at the 

receptacle, where also sepals that are the remaining of the flowers, are also 

attached (Figure 1.2A). The pericarp tissue includes the outer pericarp, septa 

known also as radial pericarp, which separate the locules and the inner 

pericarp (Figure 1.2B). 

 

 

Figure 1.2 Morphology of tomato fruit. Tomato fruit develops from the flower 

ovary; and is attached to plant by the pedicels, where sepals remaining from 

the flower structure are also attached (A). Longitudinal-section through tomato 

fruit revealing internal tissues (B).  
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1.5 Fruit development and ripening. 

Fruit growth leads to changes associated with different biochemical 

processes. These changes are presented in Figure 1.3. Fertilisation of the 

tomato flower leads to the development of the ovary. In the ovary occurs the 

process of cell division and tissue differentiation followed by seed 

development and early growth of embryo. Later on the ovary develops into the 

pericarp. Fruit development starts with cell division (0-10 days post anthesis 

(DPA)) to reach the immature green stage. The number of cell divisions, as 

well as duration of this particular phase, may differ among fruits, and have an 

impact on a final fruit size (Gillasby et al., 1993). Then, there is a longer phase 

of cell expansion (10-35 DPA) resulting in the fully developed mature green 

fruit. After cell expansion, the next step is fruit ripening (35-60 DPA), when the 

fruit changes colour from green to orange and later on to red (Carrari et al., 

2006). The first change in colour is a result of transformation of chloroplasts 

into chromoplasts, and decreasing chlorophyll concentration, followed by an 

increase of ɓ-carotene, responsible for the orange colour. Red colour is 

caused by high concentration of lycopene. Major biochemical changes during 

this stage are an increase in; respiration, increase in ethylene production, fruit 

acidity changes, and starch decreases and sugar content increases (Raniļ 

2010). The last stage, after red ripe, is the process of senescence, which 

involves degradation of cellular tissue and organelles and finally leads to the 

death of the cells.  
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Figure 1.3 Development and ripening of tomato fruit.  

 

Ethylene, the plant phytohormone plays a very important role in fruit 

development. Climacteric fruits, such as apples, pears and tomatoes are 

linked with a ripening-related increase in respiration and ethylene synthesis, 

for rapid coordination and synchronisation of ripening. On the contrary, non-

climacteric fruits like strawberries, grapes or citrus, lack this respiratory burst 

and are insensitive to ethylene (Cara et al., 2008).  
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Synthesis of ethylene was described in work that lead to definition of YANG 

cycle (Yang and Hoffman 1984). In this cycle (Figure 1.4), enzyme S-

adenosyl-methionine (SAM) synthase, catalyses adenosylation of the sulphur 

atom of methionine. SAM is later metabolized to 5ô-methylthioadenosine 

(MTA), which is incorporated into the methionine cycle, to recover the sulphur 

atom and 1-aminocyclopropane-1-carboxylic acid (ACC). There are two key 

factors that control tomato fruit ripening, these are enzymes involved in 

ethylene biosynthesis, ACC synthase (ACS) and ACC oxidase (ACO). 

Expression of genes encoding these enzymes has been widely studied. 

Cervantes (2002) suggested that auxin treatment and stress conditions might 

affect this and as a result, enhance ACS. It is believed that the ACS-ACO 

pathway is the main route for biosynthesis of ethylene. However, lipoxygenase 

throughout its activity and in the same conditions, might be an extra source of 

ethylene (Sheng and Wainwright, 2002). ACC is the first compound that is 

involved in ethylene biosynthesis. The enzyme, that catalyses this reaction, is 

ACC synthase (ACS), which is known to be pyridoxal phosphate dependent. 

In the presence of oxygen, ACC is converted to ethylene by ACC oxidase 

(ACO), known originally as ethylene-forming enzyme.  
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Figure 1.4 Ethylene biosynthesis pathway in relation to methionine cycle  

ACC: 1-aminocyclopropane-1-carboxylic acid; ACS: ACC synthase; ACO: 

ACC oxidase; Ade: adenosine; ADP: adenosine 5ô-diphosphate; ATP: 

adenosine 5ô-triphosphate; CMB: 2-keto-4-methylbutyrate; CO2: Carbon 

dioxide; HCN: Hydrogen cyanide; Met: Methionine; MTA: 5ô-

methylthiadenosine; MTR: 5ô-methylthioribose, MTR-1-P: 5ô-methylthioribose-

1-phosphate; O2: Oxygen;  Ppi: Pyrophosphate; Pi: Orthophosphate; SAM: S-

adenosyl methionine (redrawn from Chaves et al., 2006 and Yang and 

Hoffman 1984).  

 

In the methionine biosynthesis pathway, there are a number of genes 

responsive to ethylene during fruit ripening, but ACS and ACO genes have 

been characterised very extensively (Zegzouti et al., 1999). Nine genes 

encoding ACS have been identified. These genes are: LeACS1A, LeACS1B, 

LeACS2-8 (Cara et al., 2008). Four of these genes are expressed differentially 

during fruit ripening: LeACS1A, LeACS2, LeACS4 and LeACS6 (Nakatsuka et 

al., 1998; Barry et al., 2000). Barry et al., (2000) proposed a model (Figure 

1.5) explaining differential regulation of these genes during pre-climacteric and 
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climacteric ethylene production. The pre-climacteric phase was called system 

1, while the climacteric phase was called system 2. LeACS6 is considered the 

main gene responsible for ethylene synthesis in green fruit (System 1); 

however, LeACS1A is present in these tissues. During the transition stage, 

expression of LeACS1A and LeACS4 is induced and is dependent on the 

presence of the RIN MADS-box transcription factor (Vrebalov et al., 2002). 

LeACS2 induction leads to production of autocatalytic ethylene (System 2). 

High ethylene in System 2 results in negative feedback on the System 1 and 

therefore reduced expression of LeACS1A and LeACS6 occurs. 

In tomato, five genes have been found that encode the ACO enzyme 

(LeACO1-5). Three of them (LeACO1, LeACO3, LeACO4) are differentially 

expressed in the fruit. LeACO1 and LeACO4 are accumulating during the 

immature stages and their expression level changes at the beginning of 

climacteric phase and ripening. LeACO3 expression is induced, but it is 

transitory at the breaker stage. Expression of LeACO1 and LeACO4 is 

sustained during ripening.  

ACS and ACO genes have been found and described in many other 

fruits including, but not limited to melon (Yamamoto et al., 1995; Lassere et 

al., 1996), apple (Dong et al., 1992; Ross et al., 1992; Sunako et al., 1999), 

banana (Liu et al., 1999; Huang et al., 1997), pear (Lelievre et al., 1997), kiwi 

(Whittaker et al., 1997), peach (Tonutti et al., 1997; Tatsuki et al., 2006) and 

persimmon (Nakano et al., 2003). 
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Figure 1.5 A model of ethylene regulation proposed by Barry et al., 2000. 

During development (System 1) auto-inhibitory ethylene is synthesized by 

LeACS1A, LeACS6 and LeACO1, 3, 4. At transition stage, ripening regulators 

are actively involved. LeACS4 is induced; autocatalytic ethylene increases and 

has a negative effect on System 1. LeACS2, 4 and LeACO1, 4 are then 

responsible for high ethylene production in System 2 (redrawn from Cara et 

al., 2008). 

 

Ethylene receptors were identified in studies involving Arabidopsis thaliana 

mutants (Cara et al., 2008). Dominant gain-of-function mutations in ethylene 

receptors led to reduced sensitivity to ethylene, loss-of-function mutants in two 

or more genes gave a constitutive ethylene response. Ethylene receptors are 

disulphide-linked dimers. They are integral membrane proteins, endoplasmic 

reticulum (ER)-associated; and show similarity with bacterial two-component 

regulators that include up to three domain termed sensors, the kinase and 

receiver (Bleecker et al., 1998). Sensor domain is localized in the N-terminal 

region of the protein. Its role is associated with perception of ethylene 

molecule, dimerization, and binding the necessary copper cofactor (Wang et 

al., 2003; Schaller et al., 1995). Auto phosphorylation of histidine residue from 
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ATP is catalysed by the kinase domain, but sub-domains that define the 

catalytic core of histidine kinase (HK), are not conserved in all plant ethylene 

receptors (Cara et al., 2008). The histidine-phosphate group, is transferred to 

an aspartate residue on the receiver domain, and this domain become active 

after signalling. The receiver element can be found in the same sensor or HK 

protein, but it can also be a separate protein (Klee 2004). In tomato, there are 

six receptors responsible for perception of ethylene and they are divided into 

two sub-families. There are three members of each sub family. LeETR1, 

LeETR2 and LeETR3 (also called NR-Never Ripe) are included in sub-family 

1. LeETR3, LeETR5 and LeETR6 are members of sub-family 2 (Klee 2004; 

Lashbrook et al., 1998; Tieman et al., 1999; Wilkinson et al., 1995). 

Expression of the ethylene receptors in tomato has been successfully 

detected in all tissues that have been analysed; however, these tissues show 

distinct expression patterns throughout development and in response to 

differing environmental stimuli. LeETR1 and LeETR2 are expressed at 

constant levels in all tissues throughout development, while NR, LeETR4, 

LeETR5, and LeETR6 are highly expressed in reproductive tissues (flowers 

and fruits). Significant increase of NR, LeETR4 and LeETR5 was observed in 

ripening fruits (Klee 2004). 

1.5.1 The Tomato cell wall 

Plant cells need to be firm in order to support the plant and provide the 

shape for tissues and fruits. This difficult task is achieved by the cell wall, an 

important part of plant cells. Dicotyledonous plants (Fisher and Bennet, 1991), 

have a primary cell wall that consists of 30% cellulose, 30% hemicellulose, 

35% pectin and 5% protein. Fruit ripening leads to a series of biochemical 

events that alter the unripe hard, green, acid tasting tissue into one with 

plesant appearence, sweet taste, fragrant aroma and soft texture. Changes in 
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fruit firmness during ripening are a result of cell wall disassembly (Brummell 

2006). Cell wall disassembly during ripening process is mostly caused by 

actions of polysacharide modifying enzymes secreted into the cell wall space; 

however, the non-enzymatic mechanism can also be involved, mostly by 

action of free radicals (Dumville and Fry 2003).  

In tomato, there are number of cell wall modifying enzymes to include: 

polygalacturonase (PG), pectin methylesterase (PME), pectate lyase (PL), ɓ-

galoactosidase (ɓ-Gal), endo-1,4-ɓ-glucanase, xyloglucan 

endotransglycosylase/hydrolase (XET/XTH) and expansin. A cell wall model is 

presented in Figure 1.6.  

Inhibition of PG in tomatoes leads to improvement of some physical 

properties that impact postharvest characteristics of the fruit, to include 

improved shelf life, improved pathogen resistance and increased viscosity of 

both juice and paste (Kramer et al., 1992; Langley et al., 1994), but other 

quality attributes like colour, pH or Brix are not affected (Powell et al., 2003). 

Recent research indicates that softening is not driven primarily by PG action, 

as was initially assumed.  It was indicated that in some cases fruit with 

reduced PG activity were actually firmer than controls (Brummell and 

Labavitch, 1997). In addition, a tomato line with an insertion in the PG gene, 

resulted in gene inactivation, but the fruits showed normal softening (Cooley 

and Yoder, 1998). Antisense suppression of PME mRNA abundance and 

reduction in activity by 90% in tomato has little effect on fruit firmness (Tieman 

et al., 1992). Antisence PME fruits possess reduced shelf life (Thakur et al., 

1996; Tieman et al., 1995).  

Absence of softening has been reported in tomato mutants nor (non-

ripening) and Nr (never-ripe). These mutants have similar PME activity like 
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normally ripening genotypes (Harriman et al., 1991). In contrast with these 

mutants, there is Cnr (colourless non ripening mutant), a non ripening 

phenotype (Thompson et al., 1999), with firm fruits that have reduced cell-to-

cell adhesion and lack long un-methylesterified homogalacturonan (HGA). In 

addition, the unesterified HGA in Cnr  seems to have a different block 

structure that may affect calcium binding and cell adhesion. Morover, PME 

isoform assciated with ripening  is not active in Cnr fruits (Orfila et al., 2002). 

Biochemical function of pectate lyase genes has not been experimantally 

proved and their function was assumed on sequence conservation in relation 

to pathogen PL (Benítez-Burraco et al., 2003). The significance of PL was 

recognised recently, after isolation of PL gene from ripe strawberry (Medina-

Escobar et al., 1997) and banana (Dominguez et al., 1997).  

In ripening tomato fruits, three isoforms of ɓ-galactosidase were 

identified (Pressey, 1983). Seven tomato ɓ-galactosidase genes (TBG) were 

found to be expressed during ripening (Smith and Gross, 2000). TBG1 

antisense suppressed  tomato plants showed a reduction in mRNA 

accumulation to 10% of normal levels, but this did not affect total ɓ-Gal (Carey 

et al., 2001).  TBG 1, 2, 3 and 5 are present in rin, nor and Nr tomato mutants 

that fail to soften and they show a similar pattern of expression to wild type. 

However, reduced levels of TBG3 resulted in lower level of enzyme activity, 

modified cell wall composition and lowered rate of detoriation observed in 

fruits. TBG4 may be involved in softening in contrast to TBG6, which is 

present in mutants but not detected in wild fruits (Smith and Gross 2000). In 

tomato two endonucleases were found to increase in abundance during 

ripening. These were LeCel1 and LeCel2 (Gonzalez-Bosch et al., 1996).  

Antisense supression of these particular genes, did not affect fruit 

softening in terms of detectable differences (Brummell et al., 1999). The 
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expression of a ripening-related XET gene was down-regulated in antisense 

fruits (Brummell and Harpster 2001; De Silva et al., 1994). These authors 

reported that there were no changes in softening and postharvest behaviour in 

the transformed tomato lines. In contrast, non softening rin mutant had a lower 

endotransglycosylase activity in comparison with wild type (Maclachlan and 

Brady 1992, 1994). 

Fruit specific and ripening related expansins were identified in tomato 

(Rose et al., 1997). There are at least seven expansin isoforms with different 

and specific expression patterns, but only LeExp1 is specific for the fruit and 

also is ripening related (Brummell et al., 1999).  Fruit that were supressed in 

LeExp1 still showed softening, but at a lower rate than controls. In contrast, 

over-expression lines had fruits that soften more rapidly especially in early 

ripening (Brummell et al., 1999). The recent discoveries in terms of gene 

manipulation of members of candidate enzyme families in transgenic fruits 

lead to conclusion that no single cell wall enzyme is responsible for changes in 

texture during ripening. It is rather a complex action between various enzymes 

(John et al., 1997; Moscatiello et al., 2006). 
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Figure 1.6 Plant cell wall model and its loosening by expansins. The cell wall 
consists of a scaffold of cellulose microfibrils (shaded areas) to which are 
bound various glycans such as xyloglucan or xylan. They create a flexible, 
loadbearing network based on hydrogen bonds. Extension of the cell wall 
entails movement and separation of the cellulose microfibrils. Ŭ-Expansins 
(EXPA) may promote such movement by inducing local dissociation and 
slippage of xyloglucans on the surface of the cellulose, while ɓ-expansins 
(EXPB) work on a different glycan, perhaps xylan, to achieve a similar result. 
Expansin-like A (EXLA) and expansin-like B (EXLB) proteins are predicted to 
be secreted, to the cell wall, but their activity has not yet been fully 
characterised. 1 ï domain 1, 2 ï domain 2. Modified and adapted from 
Sampedro 2005. 
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1.5.2 Fruit colour 

Green tomato fruits accumulate chlorophyll in the thylakoid 

membranes in the chloroplasts. The ripening process executes a change and 

chloroplasts turn into chromoplasts, accumulating caroteniods, lycopene and 

ɓ-carotene. Figure 1.7 shows the chloroplast to chromoplast transition, where 

formation of carotenoid storage structures is presented and remodelling of 

internal membrane system occurs. 

 

Figure 1.7 A schematic representation of the chloroplastïchromoplast 

transition. 1-starch granules, 2-grana and thylakoids, 3-inner membrane 

envelope, 4-membraneous sac, 5-plastoglobules, crystalloids with 

carotenoids, 7-stromules. Modified and adapted from Egea et al., 2010. 

 

Carotenoids are involved in the colour change in tomato fruits from green to 

orange. The source of red ripe is lycopene. These compounds are created 

from phytoene in carotenoid biosynthetic pathway, shown on Figure 1.8. 
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Figure 1.8 The carotenoid biosynthesis pathway in tomato. Enzymes: 1 - 

Phytoene synthase (PSY); 2 - Phytoene desaturase (PDS); 3 - ɕ-carotene 

desaturase (ZDS); 4 - ɕ-carotene desaturase (ZDS); 5 - Lycopene ɓ-cyclase 

(CRTL-B) ; 6)  ɓ-ring hydroxylase (CRTR-B); 7) Violaxanthin de-epoxidase 

(VDE); 8) Zeaxanthin epoxidase (ZEP); 9) Lycopene Ů-cyclase (CRTL-E); 10)  

Ů-ring hydroxylase (CRTR-E). The structures are drawn in trans configuration. 

Drawn based on Ronen et al., 2000. 
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There are number of genes responsible for control of the carotenoid pathway. 

Phytoene synthase (PSY) results from the expression of two genes PSY-1 

and PSY-2. The first one encodes the fruit-ripening-specific isoform, the other 

one is located in green tissues, including mature green fruit and it is not 

responsible for carotenogenesis in ripening fruit. (Fraser et al., 1999). Two 

structurally and functionally similar enzymes, phytoene desaturase (PDS) and 

ɕ-carotene desaturase (ZDS), convert phytoene into lycopene, via ɕ-carotene. 

The isolation of a carotene isomerase gene from Synechocystis (Breitenbach 

et al., 2001) and tomato (Isaacson et al., 2002) lead to establishment of the 

mechanism where cis-trans isomerizations occur during the desaturation of 

phytoene into lycopene. The cyclization of lycopene creates a series of 

carotenes that have one or two rings of either the ɓ- or Ů- type. Lycopene ɓ-

cyclase (LCY-B/CRTL-B) is responsible for a two step reaction that leads to ɓ-

carotene, while lycopene Ů-cyclase (LCY-E/CRTL-E) creates one Ů-ring to 

produce ŭ-carotene. It is assumed that Ŭ-carotene is formed by the action of 

both enzymes. These enzymes in tomato, show a large amount of structural 

resemblance and both contain  Flavin adenine dinucleotide/Nicotinamide 

adenine dinucleotide (FAD/NAD)- binding sequences at the amino termini. 

Suprisingly tomato contains two lycopene ɓ-cyclases, LCY-B and also CYC-B, 

a chromoplast-specifc cyclase (Ronen et al., 2000). They show a 53% identity 

at the amino acid level. In addition, CYC-B shows a far greater identity to 

capsanthin-capsorubin synthase (CCS) of pepper, leading to assumption of a 

common ancestral gene (Ronen et al., 2000; Hirschberg, 2001). Another 

carotenoid enzyme, neoxanthin synthase (NSY) from tomato is closely related 

to LCY-B and CCS (Bouvier et al., 2000). This enzyme catalyses the 

conversion of violaxanthin to neoxanthin.  
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A number of genes in carotenoid pathway affects fruit ripening. During 

ripening, at breaker stage, mRNA levels of PSY-1 and PDS significantly 

increase (Fraser et al., 1994; Corona et al., 1996). mRNAs of both lycopene 

cyclases (LCY-B and LCY-E) go down (Pecker et al., 1996; Ronen et al., 

1999). This indicates that transcriptional regulation is involved in the 

accumulation of lycopene in tomato fruit. Differential gene expression has also 

been linked with the accumulation of ŭ-carotene in fruits of the Delta tomato 

mutant, which results from increased transcription of LCE-E (Ronen et al., 

1999) and in the formation of ɓ-carotene rather than lycopene in the high-ɓ 

mutant caused by the up-regulation of the Cyc-b gene (Ronen et al., 2000). 

The high pigment (hp) locus in tomato also affects the levels of total 

carotenoids. Investigation of the hp-2 mutant revealed that it is involved in 

phytochrome signalling pathways (Mustilli et al., 1999). While the gene 

expression at the transcriptional level is a main regulatory mechanism that is 

responsible for carotenoid development in chromoplasts, it is not unique. This 

pathway may also be controlled by feedback inhibition by its end-products. 

Inhibition of lycopene cyclization in tomato leaves causes increased 

expression of both PDS and PSY-1 (Giuliano et al., 1993; Corona et al., 

1996). In support of this hypothesis are the studies were carotenoid 

biosynthesis inhibitors in treated tissue accumulated more total carotenoids 

than controls (Bramley, 1993).  

1.5.3 Generation of flavour 

Flavour is a complex trait that can be regarded as a combination of 

taste, odour and general mouth feel (Seidman, 1979). Volatile compounds that 

are detected in the nose, are responsible for aroma, while non-volatile 

compounds, presented in the mouth, perceived by the tongue and surrounding 

tissue, are responsible for taste (Taylor, 1996; Taylor and Linforth, 2000). 
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Taste buds in the mouth contain taste receptors. These taste receptors 

contain microvilli, a part of the receptor, where food dissolved in the saliva is 

binding. Five classes of taste receptors have been identified: sour, sweet, 

salty, bitter and umami. If translated from Japanese, it means ñdeliciousò. 

Although the unique flavour for umami has not been identified, this receptor is 

regarded as a flavour enhancer and is commonly associated with food 

additive, monosodium glutamate (MSG), and also with the amino acid 

glutamate (German and Stanfield, 2005). 

1.5.4 Taste perception 

Taste receptors in the mouth (Figure 1.9a) are capable of responding 

to a stimulus from different chemicals, but receptors that are located in 

different regions in the mouth are more sensitive to specific tastes (German 

and Stanfield, 2005).  

Early studies indicated specific regions on the tongue responsible for 

taste perception (Boring 1942, Collings 1974). Sweetness is perceived in the 

process of binding organic molecules to the receptor and most sensitive 

region was reported to be at the top of the tongue. The organic molecules 

responsible for sweet sensation in tomatoes are fructose and glucose. Bitter 

taste is perceived at the back of the tongue and nitrogenous compounds are 

generating this particular sensation. Bitterness is also related to avoidance 

response, mainly because, a lot of natural poisons have a bitter taste (Sandell 

and Breslin 2006). Sourness and saltiness were reported to be perceived on 

the sides of the tongue. However, receptors responsible for perception of 

saltiness are located closer to the anterior part of the tongue. Salty taste is 

caused by sodium ions, on the contrary, hydrogen ions are responsible for 

sourness. In case of tomato, sourness is a result of citric and malic acids 

present in the fruit (Mahakun et al., 1979).  
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More recent work by Chandrashekar and colleagues (2006) suggests that, 

contrary to popular belief, the location of different tastes is not specific to the 

regions on the tongue, it is rather a case of receptors being present on all 

areas of the tongue (Figure 1.9b) and also presence in the gut (Sternini 2006; 

Jang et al., 2007). 

 

Figure 1.9a Taste buds, shown on the left are composed of 50 to 150 taste 

receptor cells (TRCS) and they are distributed across different papillae. 

Circumvallate papillae are found at the back of the tongue and contain 

thousands (in humans) of taste buds. Foliate papillae are found at posterior 

lateral edge of the tongue and contain dozen to hundreds of taste buds. 

Fungiform papillae contain one or few taste buds and are found in the anterior 

two thirds of the tongue. TRCS project microvillae to the apical surface of the 

taste bud, where they form, the ñtaste poreò, this is a place of interaction with 

tastants (Modified and adapted from Chandrashekar et al., 2006). 

 

Figure 1.9b Taste perception. Recent functional and molecular data reveals, 

that in oposition to popular belief, there is no ñtongue mapò: responsiveness to 

the five basic moadlities ï bitter, sour, sweet, salty and umami ï are present in 

all areas of the tongue (Modified and adapted from Chandrashekar et al., 

2006). 
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German and Stanfield (2005) reported several mechanisms responsible for 

transmition of signals from the taste receptors to the brain. Receptors 

responsible for sweetness, bitter and umami use a G-protein signalling 

cascade (Figure 1.10a), salty and sour receptors open voltage-gated channels 

and bitter receptors can use both voltage or protein signalling cascades 

(Figure 1.10b, c). 

 

Figure 1.10 Mechanisms describing how five taste qualities are transduced in 

taste cells. (A) In receptor (Type II) cells, sweet, bitter, and umami ligands bind 

taste GPCRs, and activate a phosphoinositide pathway that elevates 

cytoplasmic Ca2+ and depolarizes the membrane via a cation channel, TrpM5. 

The combined action of elevated Ca2+ and membrane depolarization opens 

the large pores of gap junction hemichannels, resulting in ATP release. A 

dimer of T1R taste GPCRs (sweet, umami) is  shown here. T2R taste GPCRs 

(bitter) do not have extensive extracellular domains and it is not known 

whether T2Rs form multimers. (B) In presynaptic (Type III) cells, organic acids 

(HAc) penetrate through the plasma membrane and acidify the cytoplasm 

where they dissociate to acidify the cytosol. Intracellular H+ is believed to 

block a proton-sensitive K channel (as yet unidentified) and depolarize the 

membrane. Voltage-gated Ca channels would then elevate cytoplasmic Ca2+ 

to trigger exocytosis of synaptic vesicles (not depicted). (C) The salty taste of 

Na+ is detected by direct permeation of Na+ ions through membrane ion 

channels, including ENaC, to depolarize the membrane. Modified and adapted 

from Chaudhari and Roper 2010. 
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1.5.5 Tomato taste 

Tomato taste is achieved by a balanced combination between sugars, 

organic acids and their interactions in tomato fruit (Stevens et al., 1977a). 

Reducing sugars (glucose and fructose) and sucrose are main factors 

responsible for sweetness in tomato. Sourness is due to organic acid content, 

mostly malic and citric acids. High sugars and acids are necessary for the best 

flavour and are widely accepted by consumers (Hobson, 1981). Stevens and 

collegues (Stevens et al., 1977b) reported an effect of locular tissue on 

flavour. It was proven that differences in composition between pericarp and 

locular tissue have a massive effect on flavour.  

Tomato cultivars with large locular tissue, with high concentration of 

acids and sugars, have been reported to have a good flavour quality. In ripe 

tomato mostly glucose and fructose was found (Winsor, 1966), with 

contribution up  to 50% of total soluble solids. Citric acid was found to be the 

main organic acid in ripe tomatoes and during maturation it level increases 

(Carangal et al., 1954).  

1.5.6 Aroma 

Creation of odour can be defined as a complex quality sensation 

caused by a mixture of volatiles. Ripe fruit contains a significantly high number 

of volatiles, mainly due to breakdown of some macromolecules and generation 

of volatiles de novo. These volatiles might be aldehydes, alcohols, ketones 

and esters and their precursors are mostly amino acids, carotenoids and fatty 

acids. 

1.5.6.1 Tomato volatiles 

Based on chemical structures we can separate three sources for 

tomato volatiles. These are amino acids, carotenoids and lipids. Volatiles in 
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tomato may serve as a cue to link the fruit with its nutritional components (Goff 

and Klee, 2006).  

Over 400 volatile compounds have been identified in tomato, but no 

single compund has been directly related to tomato flavour (Buttery and Ling 

1993). These volatiles are usually concentrated in the pulp and locular gel of 

tomatoes, but not in the skin and seeds. (Buttery et al., 1988). This specific 

localisation could be explained by the fact that the locular gel contains the 

seeds, and concentrating volatiles in this specific region could greatly faciliate 

seed dispersal.  

Most of the volatiles are produced after fruit will reach ripeness, this 

may be caused by a lack of substrate availability or it may be due to 

localisation of the enzymes responsible for volatile production in different 

compartements. These enzymes start producing volatiles after tissue 

disruption (Buttery and Ling, 1993). The tricarbolic acid cycle (Figure 1.11) 

(Carrari and Fernie 2006) is a major biochemical cycle involved in production 

of amino acid related volatiles and compounds related to shikimate pathway. 

The impact of individual volatile compounds on flavour can be ranked 

according to their log odour units. Log odour unit is expressed as a ratio of 

measured concentration of the compound to its detection threshold. Usually 

compounds with low detection thresholds are recognized by the smell better 

than the high thresholds. Detection limits can vary, depending on the solution 

that was used during evaluation (Tandon et al., 2000). During measurements 

of tomato volatiles in different media like water, methanol/ethanol/water 

solution and deactivated tomato homogenate, it was reported that the 

detection threshold increased from water, to alcohol and homogenate. This 

was due to the fact that viscosity and polarity of the solutions changed, and 
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solution mediums had different affinities for volatile compounds. If the ratio 

between concentration and detection threshold of a compound is greater than 

one, the volatile is said to have a positive log odour unit and positively 

contributes to flavour (Tandon et al., 2000). Table 1.5 presents some volatiles 

from freshly ripened tomatoes. 

Table 1.5 Concentrations of volatiles, odour thresholds and log odour units in 

fresh ripe tomatoes (Buttery, 1993). Log odour units are defined as the relative 

odour contribution in fruit. Odour threshold is the minimum physical intensity 

detected by sensory analysis. Odour unit is calculated by dividing the 

concentration of a compound (in ppb) by compoundôs detection threshold (in 

ppb). 

 

 

Compound Log odour units Odour threshold 

(ppb in water) 

Concentration 

(ppb in fresh 

tomato) 

Z-3-Hexenal 

ɓ-ionone 

Hexanal 

ɓ-damascenone 

1-penten-3-one 

3-methylbutanal 

E-2-hexenal 

2-isobutylthiazole 

1-nitro-2-phenylethane 

E-2-heptenal 

phenylacetaldehyde 

6-methyl-5-hepten-2-one 

Z-3-hexenol 

2-phenylethanol 

3-methylbutanol 

Methyl salicylate 

Geranylacetone 

ɓ-cyclocitral 

1-nitro-3-methylbutane 

Geranial 

Linalool 

1-penten-3-ol 

E-2-pentenal 

Neral 

Pentanol 

Pseudoionone 

Hexanol 

3.7 

2.8 

2.8 

2.7 

2.7 

2.1 

1.2 

1.0 

0.9 

0.7 

0.6 

0.4 

0.3 

0.3 

0.2 

0.08 

-0.02 

-0.2 

-0.4 

-0.4 

-0.5 

-0.6 

-1.0 

-1.2 

-1.5 

-1.9 

-1.9 

0.25 

0.007 

4.5 

0.002 

1 

0.2 

17 

3.5 

2 

13 

4 

50 

70 

1,000 

250 

40 

60 

5 

150 

32 

6 

400 

1,500 

30 

4,000 

800 

500 

12,000 

4 

3,100 

1 

520 

27 

270 

36 

17 

60 

15 

130 

150 

1,900 

380 

48 

57 

3 

59 

12 

2 

110 

140 

2 

120 

10 

7 
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Figure 1.11 TCA cycle. Pyruvate and shikimate are major precursors (shown in boxes) of amino acids (in oval). Drawn based on Carrari and 

Fernie 2006.
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1.5.6.2 Tomato aroma 

Tomato aroma is influenced by compounds that have an impact on 

flavour, mostly aldehydes, ketones and some alcohols. These chemicals are 

produced in plant tissues during ripening by biosynthetic pathways. Secondary 

volatile compounds are generated in small quantities in intact cells, but are 

formed at high rates during cell disruption by crushing, cutting and slicing 

(Goodenough, 1990).  Process of lipid oxidation is a major biogenesis 

pathway for the creation of volatiles in tomato fruit after maceration (Boukobza 

et al., 2001; Boukobza and Taylor, 2002; Leahy and Roderick, 1999). Volatiles 

are compounds that have low molecular weights and therefore evaporate 

quickly at room temperature.  

After inhalation they dissolve in the mucus and are carried by olfactory 

binding proteins to the olfactory receptor cells located in the nasal cavity. 

Volatiles bind to olfactory receptors and then a G-protein signaling cascade is 

activated (Mombaerts, 1999). Olfactory receptor cells are neurons and are 

connected with the olfactory bulb located in the brain. The olfactory cortex and 

limbic system are the two regions of the brain that receive olfactory signals. 

The olfactory cortex is responsible for perception and discrimination of the 

smells, limbic system is associated with emotions related to the smells. 

However, in comparison with taste receptors, responding to all classes of 

taste, each class of olfactory receptors responds to unique set of volatiles 

(Hallem et al., 2004). Moreover, the olfaction process may be more complex, 

due to the fact that one volatile compound is caplable of activating more than 

one type of receptor. This complexity of aroma perception, is caused mainly 

by the fact that there is a large number of genes encoding olfactory receptors. 

About 500 to 750 genes encode olfactory receptors in humans, in mice this 
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number is higher reaching 1000, it is more than immunoglobulin and T-cell 

receptor genes (Moembarts, 1999).  

1.5.6.3 Aroma precursors 

Amino acid related volatiles 

Metabolism of amino acids is the source of aliphatic and branched 

chain alcohols, acids, esters and carbonyls (Wyllie et al., 1996), all 

contributing to tomato flavour.  Formation of these chemicals occurs during 

ripening process in the intact tomato fruit, there is little evidence for the 

creation of these compounds after maceration. Buttery and colleagues 

(Buttery et al., 1987) suggested that these compounds are generated between 

breaker and ripe stages. The main amino acid sources of aroma compounds 

in tomato are: alanine, isoleucine, leucine (Figure 1.12) phenylalanine (Figure 

1.13) and valine. Figure 1.14 presents the pathway for methyl salicylate, 

derived from a shikimate pathway. Table 1.6 shows amino acids derived 

volatiles. 
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Table 1.6 Amino acids related volatiles in fresh tomato fruits (from Buttery and 

Ling, 1993) 

Amino acid Volatile compound Concentration (ppb in 

tomato) 

Alanine Acetaldehyde 800 

Valine 1-nitro-2-methylpropane 5 

Leucine 3-methylbutanol 150-380 

3-methylbutyric acid 200 

3-methylbutanal 27-65 

3-methylbutylnitrile 13-42 

1-nitro-3-methylbutane 59-300 

2-isobutylthiazole 36-110 

Isoleucine 2-methylbutanol 100 

2-methylbutyric acid 5 

Phenylalanine Phenylacetaldehyde 15-18 

2-phenylethanol 1000 

1-nitro-2phenylethane 17-54 

Phenylacetonitrile 3-8 
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Figure 1.12 Amino acids pathway leading to formation of some volatiles. The 

chemical structures of the amino acids and volatile compounds are drawn. 

Enzymes: 1 - Treonine deaminase, 2 - Acetolactate synthase, 3 - Acetolactate 

isomeroreductase, 4 - Dihydroxy-acid dehydratase, 5 - Branched-chain 

aminotransferase, 6 - 2-isopropyl malate synthase, 7 - 2-isopropyl malate 

isomerase, 8 - 2-isopropyl malate dehydrogenase, 9 - Oxoglutarate 

aminotransferase, 10 - 2-oxo acid decarboxylase, 11 - Keto isocaproate 

decarboxylase, 12 - Ŭ-Ketoisovalerate decarboxylase, 13 - Alcohol 

dehydrogenase. Pathway drawn based on Kochevenko and Fernie 2011;  

Maloney et al., 2010. 
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Figure 1.13 Biochemical pathway for phenylalanine derived volatiles (2-

phenylacetaldehyde and 2-phenylethanol). Enzymes: 1 - Chorismate mutase, 

2 - Prephenate dehydratase, 3 ï Aminotransferase, 4 - Aromatic aminoacid 

decarboxylase, 5 - Monoamine oxidase, 6 - Phenylacetaldehyde reductase. 

Drawn based on Tieman et al., 2006; Tieman et al., 2007). 

 

 

 

 

 

 

 




































































































































































































































































































































































































































































