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Abstract 

Cucumber mosaic virus (CMV) has emerged as one of the most serious threats 

to tomato cultivation in Greece. In the present study the effects of Benzothiadiazoles 

(BTH) and pyraclostrobin against mechanically or aphid-transmitted CMV in tomato 

plants, of hybrid F1 Clodin, were investigated in greenhouse experiments. BTH was 

confirmed as capable of inducing systemic acquired resistance (SAR) in tomato 

seedlings against CMV, while pyraclostrobin was not. 

Responses to BTH application and/or CMV inoculation on Spanish tomato 

hybrid Delos (BTH, BTH+CMV, CMV treatments) were monitored during winter and 

spring season in Greece. In both seasons the SAR derived from BTH application 

suppressed CMV. BTH treatment presented increased plant growth, fruit size and 

marketable tomato yield compared to CMV and BTH+CMV treatments, whereas 

decreased compared to healthy control. CMV treatment caused the most severe 

stunting of tomato plants among the examined treatments and resulted in yield loss of 

marketable fruits, although the total fruit number was higher versus to other treatments. 

The nutritional status of tomatoes as defined by nonstructural carbohydrates 

(NSCs), organic acids and antioxidants content, was not significantly affected by BTH 

treatment except for lycopene and β-carotene contents which were significantly higher 

against healthy control fruits. Fruits of CMV treatment ripened significantly later than 

fruits of all the other treatments and showed significant enhanced antioxidant 

capacity, ascorbic, lycopene and β-carotene contents compared to healthy control 

regardless the season of growth. In winter, fruits of BTH+CMV treatment ripened 

significantly earlier than fruits of healthy control and CMV treatments and had 

significant reduced fructose and glucose contents and significant increased ascorbic, 

citric and oxalic acids contents, whereas in spring they had significant reduced citric 

acid and significant increased antioxidant capacity against healthy control. 

The results suggest that repeated foliar application of BTH could be used to 

reduce CMV incidence in tomato plants. However, the BTH induced resistance 

showed to affect negatively the tomato plants causing growth inhibition and yield 

reduction compared to healthy control, and to slightly improve plant growth and fruit 

size compared to CMV treatment. CMV infected plants produced tomato fruits with 

remarkable and statistical significant impact upon tomato quality, leading to higher 

healthful value compared to healthy control. 
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CHAPTER ONE 

 

 

Introduction 

 

1.1 Project background 

Tomato Solanum lycopersicum L. Solanaceae is economically one of the most 

important crops in Mediterranean areas and especially in Greece. On a worldwide 

scale tomato continues to increase the interest not only for the fresh market but also as 

component in a variety of processed foods and pharmaceutical products (Rao, 2002; 

Barba et al., 2006; Rao and Rao 2007; Georgé et al., 2011). Virus diseases of 

greenhouse and field tomatoes frequently cause serious damage and large economic 

loss up to 90% (Balogun, 2008). 

Cucumber mosaic virus (CMV) has one of the broadest virus host ranges 

(Stevenson, 2004) and is one of the most serious pathogens for tomato cultivation in 

Greece and other countries with a temperate climate (Katis and Avgelis, 1991; 

Varveri and Boutsika, 1999; Gallitelli, 2000; Kyriakopoulou et al., 2000). CMV can 

result in substantial crop losses, as control of virus diseases is based solely on 

prevention, and no curative treatment is yet available. Although considerable research 

has been conducted for inhibitors of virus infection and multiplication, there has not 

been any result that could offer direct protection to a crop on a commercial scale 

(Hull, 2002). 

Observations made nearly a century ago suggested that plants already infected 

by a pathogen became more resistant to subsequent infection (Chester, 1933; Ross, 

1961 a, b). Today these observations form the basis of an approach to control plant 

diseases. Plants have evolved many defences that act together to suppress disease. 

One component is the pathogen-inducible mechanism, systemic acquired resistance 

(SAR). The induced state is by no means specific, but rather constitutes a more 

generic increase in plant resistance to various types of pathogen. Moreover, SAR 

seldom prevents disease from occurring but generally reduces its extent or severity. 

These characteristics make induced resistance a powerful mechanism to exploit for 

enhancing the overall resistance in crop plants. Research on SAR using model 

systems has deepened the understanding of the molecular basis of induced resistance 
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and promoted the development of synthetic elicitors for use in conventional 

agriculture. 

Elicitors of SAR could potentially revolutionise crop protection. 

Benzothiadiazoles (BTH), in particular, have been shown to reduce diseases caused 

by a broad spectrum of pathogens across a diverse range of crops and plant taxa. 

Regarding viruses, BTH was shown to activate SAR response against Tobacco mosaic 

virus (TMV) in tobacco (Friedrich et al., 1996), Turnip crinkle virus (TCV) in 

arabidopsis (Lawton et al., 1996), Tomato spotted wilt virus (TSWV) in tobacco 

(Pappu et al., 2000; Csinos et al., 2001; Momol et al., 2001, 2004; Mandal et al., 

2007, 2008; Nischwitz et al., 2008), CMV in tomato (Anfoka, 2000) and in 

cantaloupe (Smith-Becker et al., 2003). 

Besides plant activators other compounds have also been shown to suppress 

disease by inducing SAR. Indeed, strobilurins are an important class of agricultural 

fungicides with a complex mode of action, which contribute in keeping crops healthy, 

and improving crop production and quality. There are indications, that pyraclostrobin, 

a molecule of strobilurins, induces resistance to other pathogens by eliciting plant 

defence mechanisms. Particularly for viruses, pyraclostrobin has been shown to 

enhance at some level the resistance of tobacco and tomato against TMV (Herms et 

al., 2002) and CMV (Varveri et al., 2006) respectively, when both viruses where 

mechanically inoculated. 

 In plants the induced defences are only expressed when and where needed, 

that is at the site of an infection (Herms and Mattson, 1992). However, systemic 

induced resistance expresses a form of defence in anticipation of a future pathogen 

attack, which probably creates a competition or a lack of resource availability. Thus, it 

has been suggested that the induced resistance in plants may result in an overall cost 

to their metabolism (Hammerschmidt, 2005). Little information is available on the 

potential detrimental effect of BTH on plant growth (Terry and Joyce 2000) and even 

less on fruit quality. In particular there is no information in the literature on the impact 

of BTH application on sugars or organic acids contents of diverse plants or fruits, 

except for the ascorbic acid (Skłodowska et al., 2010). Little information is available 

on the effect of BTH on antioxidant capacity in diverse fruits, while more is available 

concerning vegetation tissues. Hence, most of the published reports about BTH 

impact on fruit nutritional value have focused on the concentration of potential health-

related compounds. 



3 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Similarly, during pathogen-plant interactions, host metabolism might be 

strongly altered (Balachandran et al., 1997; Shalatin and Wolf, 2000). So quantifying 

the impact of a plant activator on plant traits is not simple, as the plant’s metabolism 

is also influenced by the pathogen. 

 

1.2 Aim and objectives of project 

 

1.2.1 Aim 

The aim of this project was initially to determine the possible in vivo antiviral 

effect of BTH and/or pyraclostrobin in tomato seedlings. The BTH turned out to be 

the more effective and therefore it was chosen for further study. The overall aim was 

focused on CMV and especially on the impact of BTH treatment and/or CMV 

infection on quantity and quality traits of marketable tomato fruits. 

 

1.2.2 Objectives 

Research was carried out with three viruses (CMV, TSWV and Potato virus Y 

- PVY), which are different taxonomically, and thus genetically, to examine whether 

BTH and/or pyraclostrobin have broad or rather limited antiviral effects, depending 

on the host-virus combination. In particular the objectives were the following: 

1) To investigate BTH and pyraclostrobin efficacy against CMV after aphid 

transmission or mechanical inoculation in tomato plant-seedlings. 

2) To examine if BTH and/or pyraclostrobin, under different incubation periods and 

number of applications, induce resistance in tomato seed plants to mechanically 

inoculated TSWV and PVY. 

 

Further work was carried out to investigate the effect of a Greek CMV isolate 

and/or BTH application on tomato plant and fruit of Spanish hybrid Delos. The 

objectives were the following: 

 To investigate BTH efficacy against CMV in produced tomato fruits under 

greenhouse cultivation. 

 To determine the impact of BTH treatment and/or CMV infection on plant 

growth, fruit morphology and fruit yield production. 
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 To determine the impact of BTH treatment and/or CMV infection on quality traits 

of marketable fruits, as regards to nonstructural carbohydrates (NSCs), organic 

acids, carotenoids and antioxidant capacity. 

 

1.3 Thesis structure 

The thesis is arranged into seven chapters. After a brief background and thesis 

aims and objectives Chapter 2 comprises a review of existing literature. First, tomato 

plant, its cultivation requirements and the nutritional status of tomato fruit (regarding 

carotenoids, NSCs, organic acids and tomato’s antioxidant capacity) are described. 

Then some information about the viruses and their control is given, focusing on 

CMV, TSWV and PVY. Subsequently, SAR is described, followed by the necessary 

review covering BTH and strobilurins. 

Chapter 3 details the materials and methods used in this study. Chapter 4 

describes the experiments aimed at determination of possible antiviral effect of BTH 

and/or pyraclostrobin. Chapter 5 reports the first experiment to investigate the impact 

of CMV on tomato fruit quantity and quality traits. In this chapter an evaluation of the 

methods used for the analyses of NSCs, organic acids, carotenoids and antioxidant 

capacity in tomato fruits takes place. Chapter 6 describes the experiments including 

BTH treatment and CMV inoculation, giving information about the impact of these 

treatments on plant and tomato fruit under different cultivation seasons. Chapter 7 is a 

general discussion which integrates the results from previous chapters. 
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CHAPTER TWO 

 

 

Literature review 

 

2.1 Solanum lycopersicum L. 

Solanum lycopersicum L., formerly known as Lycopersicon esculentum Mill., 

is the common tomato plant (Figure 2.1). It belongs to the family Solanaceae (2n = 

24) and it is a native of central, south, and southern north America from Mexico to 

Argentina (Hobson and Grierson, 1993; Olympios, 2001). Tomato is an important 

agricultural commodity as it is the second most consumed vegetable worldwide, after 

potato (Georgé et al., 2011). The world production came up to 129,649,883 tonnes in 

2008 and specifically for Greece totalled 1,338,600 tonnes based on FAO statistics 

accessed in August 2010. 

Tomato fruits are consumed as a fresh crop, or are incorporated, as a major 

constituent, in many prepared foods as canned, frozen, preserved or dried foods. 

Cultivated tomatoes vary in size from cherry tomatoes, about 1-2 cm size like the wild 

tomato, up to beefsteak tomatoes with 10 cm or more diameter. The most widely 

grown commercial tomatoes tend to be in the range of 5-7 cm diameter (Olympios, 

2001). Tomato fruit can be bilocular or multilocular and is comprised of skin, 

pericarp, columella and locular contents (Figure 2.2). The locular cavities are filled 

with seeds that are surrounded with jelly parenchyma cells. Tomato dry matter 

normally varies between 5 and 10%, of which about 75% is soluble, and about 1 to 

3% consist of skin and seeds (Shi and Le Maguer, 2000). The balance between water 

content and the various constituents of ripe tomato fruit depends on many factors such 

as the genotype, the nutritional treatment, the environment where the plant is grown 

and, to a minor extent, the nature of the postharvest treatment (Hobson and Grierson, 

1993). Nearly half of the total dry matter consists of reducing sugars, principally 

glucose and fructose (glucose 22%, fructose 25% and sucrose 1%), and about 10 to 

13% of organic acids with citric as the dominant one (Shi and Le Maguer, 2000; Yin 

et al., 2010). 
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A diet including tomato is considered to be healthy for several reasons. They 

are low in fat and calories, cholesterolfree, and a good source of fibre and protein. In 

addition, tomatoes are rich in vitamins A, C and K, in carotenoids such as lycopene 

and β-carotene, and in potassium (Hobson and Grierson, 1993, Stahl and Sies, 1996; 

Shi and Le Maguer, 2000). 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Tomato plant (source: Olympios, 2001). 

 

 

 

 

 

 

 

 

Figure 2.2 Tomato fruits: bilocular (left) and multilocular (right) (source: Olympios, 

2001, the labels were inserted). The fruit pericarp was the tissue used for diverse 

analyses in the current study. 

 

 

2.1.1 Climatic and soil requirements of tomato plant 

 The tomato plant as a tropical one needs a sufficiently high temperature to 

ensure completion of its life cycle and full fruit maturation. The duration of tomato 

cultivation depends mainly on climatic conditions. Favourable temperatures for its 

columella 

pericarp 

skin 
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cultivation are considered the 20-27 °C during the day and 14-20 °C at night 

(Olympios, 2001). Tomato plants can be grown on many different soil types, but a 

deep, loamy, well drained, slightly acid soil with a pH of 6.2 to 6.8 and supplied with 

organic matter and nutrients is the most suitable (Pediaditakis, 1997). 

 

2.1.2 Tomato cultivation in Greece 

 The tomato was introduced to Greece in 1818, by Friar Francis (Karaoulanis, 

1991). The climate of Greece is suitable for successful tomato cultivation, either in 

field (from spring till autumn) or in greenhouse (during winter). From the 

geographical areas of Greece, the Peloponnese is the first in tomato cultivation area, 

whereas Central Greece and Euboea are the first in tomato production. 

 According to national statistical service of Greece (NSSG) cultivated land with 

tomato plants was 309,298 acres for the year 2008. From this area, the 128,439 acres 

were cultivated with industrial tomato and the rest 180,949 with tomato for fresh use. 

The tomato production of the same year (2008) was 689,011 tonnes of industrial 

tomato and 649,589 tonnes of tomato for fresh use. According to FAO statistical 

database the tomato is the fourth most profitable crop in Greece following olive, corn 

and wheat crops regarding the production and following olive, cotton and vine crops 

regarding the economic value. 

 

2.2 Carotenoids 

Chemically carotenoids are a class of polyunsaturated hydrocarbons 

(carotenes) and their oxygenated derivatives (xanthophylls). All carotenoids may be 

derived from the acyclic C40H56 structure having a long central chain of conjugated 

double bonds by hydrogenation, dehydrogenation, oxidation, cyclization, or any 

combination of these processes (IUPAC 1974). 

Carotenoids are natural pigments that are photosynthesized exclusively by 

plants and some microorganisms (Shi and Le Maguer, 2000; Rao A. V. and Rao L. 

G., 2007), so animals need to obtain them from food (Rodriguez-Bernaldo de Quiros 

and Costa, 2006). Biosynthesis of carotenoids in plants takes place within the plastids, 

chloroplasts of photosynthetic tissues, and chromoplasts of fruits and flowers (Datta et 

al., 2003). The system of conjugated double bonds lends carotenoids beautiful colours 

from yellow to red (Graça Dias et al., 2007) and also provides them with antioxidant 
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action by the delocalization of captured free radical species (Baysal et al., 2000). 

Therefore, carotenoids play an important role in human health as they present 

antioxidant properties which protect the tissues and cells from reactive oxygen species 

(ROS) and also many carotenoids present provitamin A activity (Baysal et al., 2000; 

Weisburger, 2002; Datta et al., 2003; Riso et al., 2004; Graça Dias et al., 2007). 

According to epidemiological studies there exists an inverse association between the 

consumption of foods containing carotenoids and the risk of chronic degenerative 

diseases such as certain types of cancer, cardiovascular diseases, atherosclerosis, and 

cataract (Ben-Amotz and Fishler, 1998; Arias et al., 2000; Baysal et al., 2000; Datta 

et al., 2003). 

The majority of carotenoids exhibit absorption between 400 and 500 nm, that 

is, in the visible region of the spectrum. Moreover, carotenoids obey the Beer-

Lambert law, so absorbance measurements can be used to quantify the concentration 

of a pure carotenoid or to estimate the total carotenoid concentration in a mixture or 

extract of different carotenoids in a sample (Scott, 2001). Nowadays, carotenoid 

analysis of food and biological samples is mainly performed by high-performance 

liquid chromatography (HPLC). It is worth pointing out that these kinds of 

compounds need a very careful and challenging manipulation due to their chemical 

lability, as they can easily degrade when exposed to heat, light, and/or oxygen. 

 

2.2.1 Lycopene 

Lycopene is the principal pigment responsible for the characteristic red colour 

of tomatoes (Schofield and Paliyath, 2005). Chemically lycopene is an open-chain 

hydrocarbon chromophore with eleven conjugated double bonds and has the highest 

degree of unsaturation among carotenoids (Topal et al., 2006; Choudhary et al., 2009) 

(Figure 2.3). It occurs in the form of all-trans and cis isomers with the all-trans 

lycopene being thermodynamically the most stable form (Gupta et al., 2010a). In 

nature, lycopene exists in all-trans form and seven of the eleven bonds can isomerize 

from the trans form to the mono or poly cis form under the influence of heat, light, or 

certain chemical reactions (Shi and Le Maguer, 2000). Cis-lycopene is more 

bioavailable than trans-isomers due to increased solubility in micelles (Karakaya and 

Yilmaz, 2007). 
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Lycopene attracts attention due to its biological and physicochemical 

properties particularly in relation to its effects as a powerful, natural antioxidant that 

protects against free radical damage of cells (Gupta et al., 2010a). Unlike some other 

carotenoids, lycopene does not have pro-vitamin A properties, but it displays the 

highest antioxidant capacity compared to them, because it is the most effective on 

singlet oxygen quenching and on peroxyl radical scavenging (Stahl and Sies, 1996; 

Shi and Le Maguer, 2000; Rao A.V. and Rao L.G., 2007; Choudhary et al., 2009). 

According to Shi and Le Maguer (2000) there is clinical evidence that characterises 

lycopene as a micronutrient with important health benefits, moreover, lycopene can 

be considered as “the vitamin of the twenty-first century” because of its significant 

physiological effect in the human diet. 

 

 

Figure 2.3. Structure of lycopene (source: Rao and Rao, 2007). 

 

 

2.2.2 β-carotene 

Among the more than 600 different carotenoids that have been isolated from 

natural sources, β-carotene is well known as a precursor (inactive form) and an 

important source of vitamin A (Stahl and Sies, 1996; Datta et al., 2003; Rao A. V. and 

Rao L. G., 2007). Chemically β-carotene is classified as a terpenoid and is 

biosynthesized from lycopene after cyclization (Schofield and Paliyath, 2005). It is 

made up of eight isoprene units, which are cyclised at each end, and has nine 

conjugated double bonds (Figure 2.4). 

β-carotene has important industrial applications because it has a dual influence 

as a natural colour and nutrient for the food and pharmaceutical products (Ronen et 

al., 2000; Shi and Le Maguer, 2000). In particular, β-carotene is a strongly-coloured 

red-orange pigment and is the molecule that gives carrots their orange colour (Mills et 

al., 2007). It also has antioxidant properties and is an efficient scavenger of peroxyl 

radicals, especially at low oxygen tension (Stahl and Sies, 1996). As an antioxidant, 
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β-carotene has a singlet-oxygen-quenching ability, which is almost half than that of 

lycopene (Shi and Le Maguer, 2000). Lycopene, as already mentioned above, may be 

the most powerful carotenoid quencher of singlet oxygen (Choudhary et al., 2009). 

Thus, β-carotene has been used for many years as a food colouring agent, as pro-

vitamin A in food and animal feed, as an additive to cosmetics and multivitamin 

preparations (Ben-Amotz and Fishler, 1998; Ronen et al., 2000). 

 

 

 

Figure 2.4. Structure of β-carotene (source: Rao and Rao, 2007). 

 

 

2.2.3 Carotenoids in tomato fruit 

There are two main carotenoids that accumulate in ripe tomato fruits lycopene 

(~90%) and β-carotene (5–10%) (Gould, 1974; Alba et al., 2000; Arias et al., 2000; 

Darrigues et al., 2008). There is also a small amount of lutein (1-5%) and other 

carotenoids in trace amounts (< 1%) (Schofield and Paliyath, 2005). 

Tomato is the principal model system for studies especially of lycopene assay 

methods and generally of carotenoid biosynthesis due to many colour changes that 

occur during fruit development (Arias et al., 2000; Choudhary et al., 2009). In the 

early stages the chlorophyll imparts a green colour to fruits. When the ripening 

process starts, the chlorophyll is degraded and carotenoids are synthesized, mainly 

consisting of β-carotene, lutein, and violaxanthin. At the next stage of ripening, called 

the “breaker stage”, lycopene begins to accumulate. During this process β-cyclase, the 

enzyme that converts lycopene to β-carotene, disappears and lycopene concentration 

increases dramatically between the stage pink and the stage red fruit (Arias et al., 

2000; Ronen et al., 2000). 

Undoubtfully, the colour of tomatoes is one of the most important marketing 

factors that affect the buying decision of the consumer. Lycopene contributes to the 

characteristic deep-red colour of tomatoes. Additionally, tomatoes and related tomato 

products, are considered as an important source of dietary lycopene and β-carotene 
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(Shi and Le Maguer, 2000; Schofield and Paliyath, 2005; Gupta et al., 2010a), so their 

content greatly influences the quality of ripe tomato fruit. The fresh tomato fruits have 

a wide range of lycopene concentration, which varies from 30 to 200 mg/kg on a fresh 

basis (FW) and from 430 to 2,950 mg/kg on a dry basis (DW) (Topal et al., 2006). 

Most of the lycopene is attached to the insoluble and fibrous parts of the tomatoes, as 

the skins can contain about five times more lycopene (540mg/kg on FW) than the 

tomato pulp (110mg/kg) (Dumas et al., 2003; Topal et al., 2006). The large variation 

of lycopene content of tomato indicates that its accumulation depends on many 

factors, like tomato variety, maturity at the harvesting stage, the environmental 

conditions under which the fruit was developed and technical processes for extraction 

and assay (Scott et al., 1996; Stahl and Sies, 1996; Datta et al., 2003; Dumas et al., 

2003; Bicanic et al., 2005; Georgé et al., 2011). Moreover, carotenoid accumulation 

in ripening fruits is affected by environmental factors both before and after harvest. 

Lycopene in fresh tomato fruits occurs mainly in the all-trans form, which is 

the most prominent isomer (Stahl and Sies, 1996). The main causes of tomato 

lycopene degradation during processing and storage are isomerization and oxidation. 

Isomerization of all-trans-isomers to cis-isomers results in an unstable, energy-rich 

state due to additional energy input (Shi and Le Maguer, 2000). Degradation of 

lycopene is undesirable because it direct affects the quality and the nutritional status 

of tomato products. 

 

2.3 Sugars in tomato fruit 

Sucrose is a disaccharide molecule with the molecular formula C12H22O11, 

composed of glucose and fructose (Figure 2.5). Fructose and glucose are simple 

monosaccharides (C6H12O6) found in many plants. Glucose is an important 

carbohydrate in biology, as cells use it as the primary source of energy and a 

metabolic intermediate. In particular, glucose is one of the main products of 

photosynthesis and starts cellular respiration. 

In tomato fruit 95% of the sugars content is in the form of glucose and 

fructose (Davies and Kempton, 1975; Haila et al., 1992; Young et al., 1993; 

Herrmann, 1998). Glucose and fructose are the breakdown products of sucrose and 

their levels increase in tomato fruits during the whole period of fruit setting and 

ripening (Kortstee et al., 2007). On the contrary, sucrose is not detected (Loiudice et 
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al. 1995; Hernández Suárez et al. 2008 b and c) or sometimes is detected in low 

amounts (Davies and Kempton, 1975; Haila et al., 1992; Herrmann, 1998; Velterop 

and Ros, 2001). The sugars concentrations depend on many factors such as the 

examined tomato variety, the analysed tissue and the stage of fruit ripening or the 

used quantification method. This is the reason for the observed wide differences in 

sugars contents in tomato fruit presented in Table 2.1. 

 

 

Figure 2.5. Structures of glucose, fructose and sucrose (source: Pinna, 2011). 
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Table2.1. Sucrose, fructose and glucose contents in fruit of diverse tomato varieties on fresh weight (FW) basis. 

Tomato variety Quantification method  Analysed tissue Sucrose Fructose Glucose Source 

   

mg g
-1

 mg g
-1

 mg g
-1

 

 Momotaro HPLC RID* whole homogenized ripe tomato    -*** 17 15 Islam et al., 1996 

Naomi F1 cherry HPLC whole homogenized ripe tomato    - 17.9 18.6 Raffo et al., 2002 

Aranca HPLC RID whole tomato at breaker stage** 0.008 0.020 0.022 Beullens et al., 2006 

Climaks HPLC RID whole tomato at breaker stage 0.006 0.013 0.012 Beullens et al., 2006 

Clotilde HPLC RID whole tomato at breaker stage 0.004 0.015 0.017 Beullens et al., 2006 

DRW73-29 HPLC RID whole tomato at breaker stage 0.004 0.012 0.013 Beullens et al., 2006 

Cambria capillary zone electrophoresis whole homogenized tomato 1.57 12.17 13.82 Galiana-Balaguer et al., 2006 

FLA7060 capillary zone electrophoresis whole homogenized tomato ND**** 18.79 19.87 Galiana-Balaguer et al., 2006 

Genova capillary zone electrophoresis whole homogenized tomato 4.35 14.17 13.74 Galiana-Balaguer et al., 2006 

Tricia HPLC RID whole homogenized tomato ND 2 1.81 Vermeir et al., 2007 

Bonaparte HPLC RID whole homogenized tomato ND 2.32 2.46 Vermeir et al., 2007 

Clotilde HPLC RID whole homogenized tomato ND 2.43 2.28 Vermeir et al., 2007 

Dorothy HPLC RID pericarp and seed purée   - 17.96 17.08 Hernández Suárez et al., 2008c 

Boludo HPLC RID pericarp and seed purée   - 21.5 19.7 Hernández Suárez et al., 2008c 

Dominique HPLC RID pericarp and seed purée   - 20.81 19.84 Hernández Suárez et al., 2008c 

Thomas HPLC RID pericarp and seed purée   - 19.7 18.51 Hernández Suárez et al., 2008c 

Tyna HPLC RID pericarp and seed purée   - 23.54 21.86 Hernández Suárez et al., 2008c 

Daniela HPLC RID pericarp and seed purée   - 15.11 12.94 Hernández Suárez et al., 2008c 

Moneymaker HPLC whole homogenized tomato   - 18 15 Luengwilai et al., 2010 

*RID: refractive index detector 

**breaker stage: fruits were about to change colour 

***-: no tested 

***ND: non detectable 
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2.4 Organic acids in tomato fruit 

Organic acids have functional group -COOH and a great biological value. 

They are parts of different biological routes, among which the most important is the 

Krebs cycle. Moreover, organic acids are important because of their influence in 

organoleptic properties like flavour and aroma (Mato et al., 2005) and in fruit pH as 

well. The major organic acids of tomato fruit are citric and malic, followed by 

ascorbic, tartaric, oxalic, pyruvic, maleic, fumaric and succinic (Hernández Suárez et 

al., 2008). In the current study only citric, ascorbic and oxalic acids (Figure 2.6) were 

accurately identified using retention times and spectral data of HPLC analysis. 

There are many different methods for quantification of organic acids. Table 

2.2 shows results referring to ascorbic, citric and oxalic acids of diverse tomato 

varieties. The range of values given in literature is wide even for measurements made 

from the same researcher. According to Dumas et al. (2003) the ascorbic acid content 

range from 0.084 to 0.59 mg g
−1

, while Hernández Suárez et al. (2008a) noted that 

citric acid’s content in tomato fruit range from 2 to 8.5 mg g
−1

, oxalic’s from 0.06 to 

0.58 mg g
−1 

and ascorbic’s from 0.06 to 0.3 mg g
−1 

on FW basis. 

In biochemistry citric acid is important as an intermediate in the citric acid 

cycle (Krebs cycle) and therefore occurs in metabolism of all living organisms. The 

citric acid content in tomato fruit increases only slightly during ripening (Picha, 1987; 

Velterop and Vos, 2001). 

The biologically-active isomer of ascorbic acid (vitamin C) is L-ascorbic acid, 

while D-ascorbic acid (isoascorbic acid) has only 5% of the antiscorbutic effect of 

ascorbic (Novakova et al., 2008). Ascorbic acid is rapidly oxidized to 

dehydroascorbic acid (DHA) due to the presence of two hydroxyl groups in its 

structure. Oxidation reactions can be induced by exposure to increased temperatures, 

high pH and light, presence of oxygen or metals and enzymatic action. This reaction 

is reversible and a principal step in the antioxidant activity of ascorbic acid. Ascorbic 

acid cannot be synthesized by the human body, so vegetables and fruits are the major 

sources of vitamin C for the human diet. The ascorbic content of tomato has been 

shown to provide a significant contribution to dietary intake. The ascorbate 

concentration increases, when the tomato ripens, but declines slightly in overripe 

tomato (Islam et al., 1996; Hernández Suárez et al., 2008). 
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Oxalic acid is a dicarboxylic acid and typically in solution occurs as the 

dihydrate (C2O4H2.2H2O). It is a reducing agent as well as a chelating agent for metal 

cations, so it forms insoluble salts with calcium and other divalent cations. Thus, from 

a nutritional point of view, oxalic is an undesirable compound in human nutrition due 

to its tendency to diminish calcium bioavailability (Guil et al., 1996; Hernández 

Suárez et al., 2008). Generally there is a low level of oxalic acid in tomato, so its 

consumption is not considered as decalcifying (Guil-Guerrero et al., 2009). 

The soluble solid content in tomatoes is due to reducing sugars and acids. The 

higher amount of sugars and organic acids a tomato contains, the higher flavour 

intensity will be perceived (Stevens et al., 1977; Bucheli et al., 1999; Galiana-

Balaguer et al., 2006). According to Hernández Suárez et al. (2008) the concentration 

of organic acids in tomato fruit fell with over-ripening, and this fact could be due to 

the use of organic acids as respiratory substrates or their conversion to sugars during 

ripening. 

                   

Figure 2.6. Structures of citric, ascorbic and oxalic acids (source: Wikipedia). 

 

 

2.5 Antioxidant capacity of tomato fruit 

The nutrient quality, the colour, even the taste of tomatoes can also depend on 

their antioxidant contents. The antioxidant capacity of tomato fruit is mainly derived 

from lycopene, secondly from other carotenes (β-carotene, γ-carotene), vitamins A, C, 

and E and lutein, phytoene, phytofluene and phenolics (flavonoids, hydroxycinnamic 

acids) (Wang et al., 1996; Martinez-Valverde et al., 2002; Dumas et al., 2003; Chang 

and Liu, 2007). 

The antioxidant content of tomatoes depends on genetic, on environmental 

factors (temperature, light, water availability, nutrient availability), on agricultural 

techniques (for instance the use of plant growth regulators, date of harvest, etc) 

(Dumas et al., 2003) and on the post-harvest storage conditions (Odriozola-Serrano et 

al., 2009). Giovanelly et al. (1997) reported that post-harvest ripened tomatoes are 

richer in antioxidants than vine-ripened tomatoes. 
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Table2.2. Citric, oxalic and ascorbic acids contents in fruit of diverse tomato varieties on fresh weight (FW) or dry weight (DW) basis. 

*breaker stage: fruits were about to change colour 

**-: no tested 

Tomato variety 

 

Quantification method 

 

Analysed tissue 

 

Basis 

 

Citric 

mg g
-1

 

Oxalic 

mg g
-1

 

Ascorbic 

mg g
-1

 

Source 

Momotaro HPLC UV-VIS whole homogenized tomato FW     -**    - 0.17 Islam et al., 1996 

Naomi F1 cherry  HPLC whole homogenized tomato FW   6.7 0.5 0.11 Raffo et al., 2002 

Allflesh HPLC peeled homogenized tomato DW 21.94 0.37 5.40 Rotino et al., 2005 

UC82 HPLC peeled homogenized tomato DW 14.34 0.36 4.46 Rotino et al., 2005 

Ri4 HPLC peeled homogenized tomato DW 22.71 0.36 4.37 Rotino et al., 2005 

Ri5 HPLC peeled homogenized tomato DW 18.37 0.23 3.74 Rotino et al., 2005 

Aranca HPLC DAD whole tomato at breaker stage* FW   0.011    -    - Beullens et al., 2006 

Climaks HPLC DAD whole tomato at breaker stage FW   0.018    -    - Beullens et al., 2006 

Clotilde HPLC DAD whole tomato at breaker stage FW   0.019    -    - Beullens et al., 2006 

DRW73-29 HPLC DAD whole tomato at breaker stage FW   0.015    -    - Beullens et al., 2006 

Cambria capillary zone electrophoresis whole homogenized tomato FW   2.79 0.24    - Galiana-Balaguer et al., 2006 

FLA7060 capillary zone electrophoresis whole homogenized tomato FW   1.81 0.39    - Galiana-Balaguer et al., 2006 

Genova capillary zone electrophoresis whole homogenized tomato FW   4.34 0.27    - Galiana-Balaguer et al., 2006 

HyPeel45 conv UV-VIS spectrophotometer raw tomato juice DW     -    - 1.19 Burret et al., 2007 

Rogers 1570 UV-VIS spectrophotometer raw tomato juice DW     -    - 1.74 Burret et al., 2007 

Bos315 UV-VIS spectrophotometer raw tomato juice DW     -    - 0.86 Burret et al., 2007 

HM830 UV-VIS spectrophotometer raw tomato juice DW     -    - 1.37 Burret et al., 2007 

Tricia HPLC DAD whole homogenized tomato FW   0.48    -    - Vermeir et al., 2007 

Bonaparte HPLC DAD whole homogenized tomato FW   0.36    -    - Vermeir et al., 2007 

Clotilde HPLC DAD whole homogenized tomato FW   0.55    -    - Vermeir et al., 2007 

Dorothy HPLC whole homogenized tomato FW   3.4 0.25 0.15 Hernández Suárez et al.,2008a 

Boludo HPLC whole homogenized tomato FW   3.89 0.26 0.16 Hernández Suárez et al.,2008a 

Dominique HPLC whole homogenized tomato FW   3.53 0.25 0.14 Hernández Suárez et al.,2008a 

Thomas HPLC whole homogenized tomato FW   3.22 0.29 0.16 Hernández Suárez et al.,2008a 

Dunkan HPLC whole homogenized tomato FW   3.51 0.24 0.15 Hernández Suárez et al.,2008a 

Overall HPLC whole homogenized tomato FW   3.54 0.26 0.15 Hernández Suárez et al.,2008a 
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2.6 Plant viruses and their control 

 

2.6.1 Plant viruses 

Plant virus disease incidence can range from a few scattered plants in a field to 

total crop failure (loss 90-100%), depending on many factors (Balogun, 2008). Some 

of these factors are the particular virus or combination of viruses present, the 

virulence of the virus strains, the presence of other diseases and the susceptibility of 

the plant variety. Moreover, the timing of infection and the age of the plant at 

infection time, the abundance of insect vectors, and environmental conditions play a 

crucial role in virus disease incidence (Matthews, 1991; Taiwo and Akinjogunla, 

2006; Balogun, 2008). 

Viruses are transmitted from plant to plant by vectors or by mechanical means. 

Once established in a susceptible host, viruses propagate outwards from inoculated 

cells to all parts of the plant. There are two distinct phases of virus movement; slow 

cell-to-cell movement via plasmodesmata in inoculated leaves, and faster long-

distance movement from leaf to leaf through the vasculature, usually the phloem 

(Carrington et al., 1996; Nelson et al., 1998). Both movement processes utilize 

existing plant transport and communication routes as well as the assistance of host 

factors (Lucas, 1995). So, a plant defence strategy aimed at viruses could conceivably 

target any one or all of these processes: replication, trans-plasmodesmatal movement 

or transport through the vasculature. 

Viral diseases affect tomato production to some degree nearly every year and 

the majority of them survive only in living plants or briefly in insects. CMV is one of 

the most economically important, and is a common virus observed all over Greece 

(Varveri and Boutsika, 1999). 

 

2.6.2 Control of diseases caused by viruses 

To this day, virus diseases cannot be controlled once the plant is infected, as 

no curative treatment is available. Although considerable effort has gone into 

searching for inhibitors of virus infection and multiplication that could be used to give 

direct protection to a crop against virus infection, there has been no successful control 

on a commercial scale (Hull, 2002). Therefore, every effort should be made to prevent 

introduction of virus diseases into the plants. There is a range of control measures 
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aimed at trying to mitigate losses caused by viruses. Sanitation is the primary means 

of controlling virus diseases, for example seed procurement from reputable sources, 

decontamination of tools etc. Moreover, primarily infected plants should be removed 

and destroyed immediately to prevent spread of the pathogens. Furthermore, perennial 

and annual weeds, which may serve as alternate hosts, should be controlled. Finally, 

insecticides should be used early in the season to reduce initial infection and spread 

by controlling insect-vector populations. 

In particular, control of viruses in tomato should be based on an integrated 

pest management (IPM) approach on an annual basis. Growers should be aware of the 

precautions necessary to reduce virus incidence and ward off to a certain extent the 

danger of virus diseases being a routine problem in tomato plantings. They should 

rotate tomato crops with small grain, corn, or pasture, and avoid planting tomatoes 

close to established cucurbits, potato, tobacco, eggplant, and pepper crops that suffer 

from the same virus pathogens. 

Even if sources of infection are available, and the vectors are active, there is 

one more kind of control measure available termed “cross-protection” or “mild strain 

protection” (Hull, 2002). It has been demonstrated that infection of a plant with a 

pathogen may protect it from a following infection (Chester 1933; Ross 1961; White 

1979). Thus, plants might be purposely infected with a mild strain of a virus as a 

protective measure against severe strains. This kind of protection in essence emerged 

from SAR, but it is not to be recommended as a general practice, for two main 

reasons. Firstly, a serious disease may result from mixed infection when an unrelated 

virus is introduced into the crop and secondly, the genome of the mild strain may 

recombine with that of another virus, leading to the production of a new virus (Urban 

et al., 1990; Lecop, 1998). There is research investigating different methods of SAR 

application, by chemicals that activate the natural defences of plants, as an alternative 

way to prevent plant virus diseases. 
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2.6.3 Cucumber mosaic virus (CMV) 

 

2.6.3.1 Taxonomy 

CMV belongs to the family Bromoviridae, genus Cucumovirus and is an 

important crop pathogen. It was firstly reported in Cucumis sativus, from the U.S.A, 

by Price (1934). It is widespread virus existing in numerous strains and it is now 

distributed worldwide. 

 

2.6.3.2 Morphological and physicochemical characteristics 

CMV is a (+) sense RNA plant virus with a tripartite
 
genome of about 8,650 

nucleotides. It has three functional pieces of single-stranded RNA (ssRNA), packaged 

in three icosahedral, isometric, not enveloped particles about 28-30 nm in diameter 

(Figure 2.7) without a conspicuous capsomere arrangement (Francki et al., 1979; 

Palukaitis et al., 1992; Conti et al., 1996; Agrios, 2005). All three components of its 

genome, called RNA1, RNA2 and RNA3, must be present to cause infection. The 

capsid is composed of 180 copies of a single protein species of about 24 kDa (Hull, 

2002). The molecular weight of CMV ranges between 5.8 and 6.7 × 10
6
 Da, of which 

18% is RNA and 82% protein (Francki et al., 1979; Agrios, 2005). 

 

 

 

 

 

 

 

 

Figure 2.7. CMV particles (source: virology team of Scottish Crop Research 

Institute). 
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2.6.3.3 Host range and virus transmission 

CMV has an extensive host range, maybe the largest of any plant virus, 

infecting over 1,200 species in more than 101 plant families (Stevenson, 2004). 

Actually, CMV disease affects a number of important horticultural crops including 

principally solanaceous, cucurbits and legumes. Furthermore, CMV affects 

ornamentals and many weeds (Huang et al., 1987; Chabbouh and Cherif, 1990; 

Freeman and Horsham, 2006). 

The basic vectors of CMV are aphids, which are insects of the order 

Hemiptera, suborder Homoptera, and family Aphididae. More than 75 aphid species 

are capable of transmitting the virus in the non-persistent manner. Generally, the virus 

is acquired by the aphid within one minute of feeding on an infected plant, and 

without any latency period the virus is transmitted in less than one minute to other 

healthy plants in the same way, but the aphid's ability to transmit the virus quickly 

declines and is lost within several hours (Francki et al., 1979). The main species 

reported as vectors are: Myzus persicae (Figure 2.8), Acyrthosiphon pisum, Aphis 

gossypii, A. craccivora, A. fabae. Transmission efficiency varies with aphid species, 

virus strain, host plant species, environmental conditions, and time of year. CMV is 

also transmitted by mechanical means. This virus cannot withstand drying or persist 

in the soil and in crop debris for long. It is not seed-borne in tomato but can be carried 

in the seed of 19 other plant species (Sikora, 2004). 

 

 

 

 

 

Figure 2.8. Myzus persicae measures about 1.5 to 2.0 mm in length (source: 

Holopainen). This species was used for virus transmission in the current study. 

 

 

2.6.3.4 Symptomatology of CMV on tomato plants 

Certain strains of CMV cause partial or total loss in crop depending on tomato 

variety, and there are strains that have been reported as specific for tomato. Tomatoes 

infected with CMV develop a slight yellowing mosaic and mottling (intermingling of 
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dark green, light green and yellow tissue) leaves (Figure 2.9). Expanding leaves 

typically become twisted and curl downward, and leaflets are often much narrowed 

and develop a “shoestring” appearance as a result of a restriction of the leaf surface 

around the midrib of the leaf. Diseased tomato plants are often bushy (shortened 

internodes), stunted, and dwarfed. The fruits produced mature unevenly, are few, 

usually small, misshaped, covered with bumpy protrusions, or have brown necrotic 

areas in their interior side (Figure 2.10) (MacNab et al., 1983; Conti et al., 1996; 

Šutić et al., 1999; Gallitelli, 2000; Cerkauskas, 2004; Malathrakis et al., 2007). 

However, the severity of disease may range from non obvious symptoms, to death of 

tomato plant. 

 

 

 

 

 

 

Figure 2.9. Tomato plant infected with CMV showing the characteristic mosaic on 

leaves (source: Malathrakis et al., 2007). 

 

 

 

 

 

 

Figure 2.10. Tomato fruits infected with CMV (source: Zitter and Murphy, 2009). 
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2.6.3.5 Biochemical changes in CMV infected tomato plants and fruits 

There is little information in the literature about the impact of CMV infection 

exclusively on biochemistry of tomato plants and fruits. Afeal et al. (1996) 

investigated the biochemical changes in tomato plants that had been infected with 

CMV. The infected plants did not show any change in the moisture content, but they 

showed significant differences in other measured parameters. The levels of reducing 

sugars, free amino acids and proteins were significantly higher in CMV infected 

tomato plants compared to the control. They also noticed that the longer the plants 

were infected, the steeper increase in these parameters was observed. Akanda et al. 

(1998) showed that leaves of CMV infected tomato plants had reduced concentration 

of chrorophyll and β-carotene versus healthy leaves. 

Another research study was conducted by Georgieva et al. (2000) to examine 

the metabolic changes in tomato fruits infected with CMV. They found that 

peroxidase activity and glucose-6-phoshate dehydrogenase activity were enhanced by 

CMV infection. These results were expected by the authors, as the former enzyme is 

an important component of plant defence responses, and the latter is necessary for the 

synthesis of the virus’s RNA. 

 

2.6.4 Tomato spotted wilt virus (TSWV) 

 

2.6.4.1 Taxonomy 

TSWV belongs to the family Bunyaviridae, genus Tospovirus. It was first 

observed in Australia in 1915 (Brittlebank, 1919) and was later shown to have viral 

etiology (Samuel et al., 1930). Subsequently this virus was reported from many other 

regions and is now world-wide distributed. 

 

2.6.4.2 Morphological and physicochemical characteristics 

TSWV is a pleomorphic (–) sense RNA plant virus. Its genome consists of 

three single-stranded, linear RNA molecules (ssRNA) encapsulated by a multi-protein 

coat, with total size approximately 17,200 nucleotides. All three RNAs, called L, M 

and S are required for infectivity, and their molecular weights are 3.1, 1.6 and 0.9 × 

10
6
 Da respectively (Conti et al., 1996). TSWV has quasi-spherical enveloped virions 

particles, about 80-120 nm in diameter, rounded in profile without a conspicuous 
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capsomere arrangement. The virions consist of 5% nucleic acid, 70% protein, 20% 

lipid and also 5% carbohydrate (Scott, 2000). 

 

 

2.6.5 Potato virus Y (PVY) 

 

2.6.5.1 Taxonomy 

PVY belongs to the family Potyviridae, and is the type member of the 

Potyvirus genus. It was firstly reported in Solanum tuberosum from the U.K. by Smith 

(1931) it occurs worldwide and apart from potato it can cause serious diseases in other 

solanaceous and leguminous crops. 

 

 

2.6.5.2 Morphological and physicochemical characteristics 

PVY is a (+) sense RNA plant virus, and its unipartite genome consists of 

single-stranded, linear RNA (ssRNA), with total size 9,700 nucleotides (Makkouk and 

Gumpf, 1974; Hinostroza-Orihuela, 1975; Conti et al., 1996). It has filamentous, not 

enveloped, flexuous virion particles, with a clear modal length of 680-740 nm × 11-15 

nm wide. The particles contain approximately 5% nucleic acid and 95% protein 

(Leiser and Richter, 1979; Hollings and Brunt, 1981). 
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2.7 Systemic acquired resistance (SAR) 

 

2.7.1 Systemic acquired resistance as a plant natural resistance mechanism 

Plant natural resistance to potential parasites is regulated by two fundamental 

mechanisms: the “nonhost” which is triggered by a general inherent capability of the 

plant to act as nonhost and the “gene-for-gene” (Flor, 1971) resistance which is 

triggered after some interaction between the products of plant and pathogens genes. 

For the scope of this study, only the latter case of “gene-for-gene” response is 

relevant, when a cultivar resistance (R) gene product recognizes an avirulence one in 

the attacking pathogen and triggers an array of biochemical reactions that halt the 

pathogen around the site of attempted invasion (Richberg et al., 1998; Gozzo, 2003). 

Natural disease resistance (NDR) is activated after lesion formation, and is a 

variety of biochemical responses that often lead to an enhanced, acquired resistance 

around the sites of attempted penetration. There are three forms of NDR: the local 

acquired resistance (LAR) in the tissue surrounding the primary infection site, the 

systemic acquired resistance (SAR) in formerly uninoculated organs and the induced 

systemic resistance (ISR) associated with the colonization of plant roots by certain 

plant growth promoting rhizobacteria (PGPR) (van Loon et al., 1998; Herms et al., 

2002; Terry and Joyce, 2004a; Vallad and Goodman, 2004). SAR is distinguished 

from other disease resistance responses, because it is the process of a distinct signal 

transduction pathway that plays an important role in the ability of plants to defend 

themselves against pathogens, and it is dependent on endogenous salicylic acid (SA) 

(Ryals et al., 1996; Oostendorp et al., 2001; Gozzo, 2003; Vallad and Goodman, 

2004). 

SAR in plants is analogous to the innate immunity in animals and was first 

described by Chester in 1933, who referred to it as “acquired physiological 

immunity”. Consequently, Ross in 1961 and later White in 1979 clearly described the 

concepts of LAR and SAR from results of experiments using TMV to sensitize 

tobacco (Nicotiana tabacum L.) against subsequent “challenge” inoculations of TMV 

on infected leaves or on distal uninfected leaves, respectively (Hull, 2002; Vallad and 

Goodman, 2004). These studies led to the development of the classic SAR models 

during the 1980s in many other plants demonstrating that SAR was conserved across 

diverse plant families (reviewed in Sticher et al., 1997). SAR has been shown in at 
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least 20 plant species from at least six different plant families, and is effective against 

a broad range of pathogens (Sticher et al., 1997; Lucas, 1999). 

Indeed, many pathogens can induce SAR, especially, but not only, those that 

cause tissue necrosis, and the resistance observed following induction of SAR is 

effective against a wide range of pathogens, which is why SAR resistance is 

sometimes called “broad spectrum”. Results of lab and field studies show that SAR is 

effective as a tool for controlling plant pathogens and parasites, including fungi, 

bacteria, viruses, nematodes, insect herbivores and against parasitic weeds (Vallad 

and Goodman, 2004). 

Once established, SAR may last for a certain period of time (from weeks to 

months), during which any attempted invasion by a virulent pathogen is hampered as 

the pathogen were an avirulent one (Gozzo, 2003). Summarily, in SAR, plant defence 

is preconditioned by prior infection or treatment which results in resistance (or 

tolerance) against subsequent challenge by a pathogen or parasite. The timing of this 

defence response is critical and can be the difference between being able to cope or 

not with the challenge of a pathogen or parasite. 

 

2.7.2 The SAR signal transduction pathway 

In induced resistance processes, more than one biochemical pathway appears 

to be activated, based on the requirement of different signal transduction pathways 

depending on SA for SAR or jasmonic acid and ethylene for ISR (Stricher et al., 

1997; Vallad and Goodman, 2004). SAR may also have practical value in agriculture, 

as well as being an interesting paradigm for signal transduction. Thus, understanding 

of the biochemical changes leading to the resistance state could enable the 

development of either genetically engineered plants with enhanced disease resistance 

or novel mode of action plant protection chemicals that act by stimulating the inherent 

disease resistance mechanisms of plants (Ryals et al., 1995; Ryals et al., 1996; Vallad 

and Goodman, 2004). 

Mechanisms by which SAR is induced and established are not thoroughly 

known. The classic form of SAR can be triggered by exposing the plant to virulent, 

avirulent, and nonpathogenic microbes or artificially with chemicals. The oxidative 

burst, which produces high levels of ROS, comes before the hypersensitive response 

(HR), and plays a substantially beneficial role in defeating the pathogen attack. Nitric 
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oxide (NO) and hydrogen peroxide (H2O2) influence the hypersensitive cell collapse. 

Despite its typical occurrence in gene-for-gene resistance, HR may not be an absolute 

requirement for the induction of SAR. In the hours and days following after the 

formation of a necrotic lesion, either as a part of the HR or as a symptom of disease, 

SA begins to accumulate, antioxidants are activated and after all these the SAR 

pathway is activated (Ryals et al, 1996; Sticher et al., 1997; Murphy et al, 1999; 

Gozzo, 2003; Hafez et al., 2004). 

SAR induced by the exposure of root or foliar tissues to biotic or abiotic 

elicitors, is dependent on the phytohormone SA and is associated with the 

accumulation of pathogenesis related (PR) proteins as illustrated in the left scheme of 

Figure 2.11 (Vallad and Goodman, 2004). SA initially accumulates at the site of 

infection or application of the abiotic elicitor and later in distal parts of the plant. 

Moreover, enhancement of several enzyme activities has been observed during the 

first stages of the infection process, such as phytoalexins, β-1,3-glucanase, chitinase, 

peroxidase, lipoxygenase, and catalase (CAT), which may contribute, directly or 

indirectly, to pathogenesis resistance (Lebeda et al., 2001). 

PR proteins called the proteins synthesized de novo by plants during infection 

with various pathogens and have been extracted mainly from dicotyledonous plants. 

Some of them show properties related to the above mentioned enzymes (van Loon et 

al., 1998). Genes encoding these proteins were shown to be induced at the onset of the 

SAR (Kessmann et al., 1994). 

The scheme of Figure 2.12 (Murphy et al., 1999) shows a possible model of 

the SAR pathway, in which depletion of SA (due to the expression of nahG gene that 

catalyzes the conversion of free SA to catechol, which is inactive in SAR) causes a 

breakdown of both SAR and gene-for-gene resistance. Afterwards, the plant defence 

signal transduction pathway separates downstream of SA into two branches. One 

branch leads to the induction of resistance to the replication or long-distance 

movement of viruses, whereas the other leads to the induction of PR proteins and 

fungal and bacterial resistance (Chivasa et al., 1997). 

This model is based on the evidence that in tobacco, the SA-induced resistance 

to TMV and Potato virus X (PVX) replication and to CMV systemic movement can 

be inhibited by salicylhydroxamic acid (SHAM), which is an inhibitor of alternative 

oxidase (AOX) and a negative regulator of ROS production (see Figure 2.12). 

However, SHAM is not found to inhibit SA-induced synthesis of PR proteins. 
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Similarly, SA-induced resistance to a fungal pathogen (Botrytis cinerea) or a bacterial 

pathogen (Erwinia carotovora) is not blocked by SHAM (Chivasa et al., 1997; 

Chivasa and Carr, 1998; Naylor et al., 1998; Murphy et al. 1999; Hull, 2002). So the 

model of SA-induced resistance is consistent with the emerging view of defence 

signal transduction as a web of converging and branching signaling pathways. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Depiction of Systemic Acquired Resistance (source: Vallad and 

Goodman, 2004). 
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Figure 2.12.: Possible model to explain the induction of resistance to several 

pathogens. Activation of resistant genes after the attack of a pathogen causes localised 

death and the activation of a defence signal transduction pathway. That pathway 

includes salicylic acid (SA). Downstream of SA, the pathway appears to be divided to 

a branch (right) that induces the production of pathogenesis related (PR) proteins 

(conferring resistance to fungi and bacteria) and to another branch (left) which is 

salicylhydroxamic acid (SHAM) sensitive and induces resistance to viruses (source: 

Murphy et al., 1999). 

 

 

2.7.3 Effect of salicylic acid (SA) on viruses 

SA is shown to have a role of wide significance in the plant kingdom as being 

one of the key components of defence signal transduction. In the case of viruses, SA 

could target virus replication or trans-plasmodesmatal movement or transport through 

the vasculature in the viral infection cycle by decreasing the expression of plant genes 

that encode factors upholding replication and virus spread. Alternatively, SA might 

induce accumulation of substances that inhibit virus replication and movement. There 
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is evidence that SA can induce interference with at least two of these processes: 

replication and systemic movement (Murphy et al., 1999; Murphy and Carr, 2002). 

Experiments with TMV engineered to express green fluorescent protein 

(GFP), showed that SA-induced resistance to TMV results from the inhibition of virus 

replication and virus movement through the plasmodesmata linking neighbouring 

cells (Murphy and Carr, 2002; Singh et al., 2004). Moreover, SA treatment decreases 

the RNA accumulation of TMV and PVX in tobacco (Chivasas et al., 1997; Naylor et 

al., 1998). However, exogenous SA application may be phytotoxic (van Leeuwen, 

2007). 

On the other hand, there are viruses for which SA inhibits neither replication 

nor cell-to-cell movement. For example, CMV accumulated in directly inoculated 

leaves of SA-treated tobacco (Murphy et al., 1999; Murphy and Carr, 2002). The 

ability of CMV to escape from SA-induced inhibition of replication and/or local 

movement appears to be due to a specific viral gene product, the CMV 2b protein, 

that also functions as an inhibitor of RNA interference (RNAi) induction (Ji and Ding, 

2001). Despite this, SA treatment or induction of SAR can inhibit the systemic spread 

of CMV through the plant, by inhibiting the long-distance movement of this virus 

through the phloem (Naylor et al., 1998; Singh et al., 2004). 

All the above results suggest that SA is able to trigger resistance to viral 

replication (e.g. TMV), gene expression (e.g. TMV or PVX), cell-to-cell movement 

(e.g. TMV), or long-distance movement (e.g. CMV). 

Of course, among viruses there may be varying degrees of sensitivity to the 

effects of SA. For example, it has been observed that SA can inhibit long-distance 

movement of Alfalfa mosaic virus (AMV) in tobacco, but has no effect on the 

replication of that virus (Naylor et al., 1998). This disagrees with experiments with 

cowpea protoplasts showing that AMV replication is inhibited by SA (Hooft van 

Huijsduijnen et al., 1986). Taken into account these results concluded that the same 

virus might be targeted differently in different plant species. 

It has been demonstrated that SA can increase AOX activity and induce 

members of the Aox gene family. This evidence encouraged some researchers to test if 

AOX activity or gene expression may be connected with pathogen resistance. This 

suggests that the induction of resistance to viruses may be regulated through a 

disruption of mitochondrial redox homeostasis (Singh et al., 2004). 
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2.7.4 Role of alternative oxidase (AOX) in the induction of virus resistance 

AOX is the terminal oxidase of the cyanide-resistant alternative respiratory 

pathway, in the mitochondrial electron flow in plants (Vanlerberghe and McIntosh, 

1997). Adenosine triphosphate (ATP) is not generated due to its activity (Moore et al., 

2002). 

The evidence that resistance to viruses is promoted by inducers or inhibited by 

an inhibitor of AOX activity supports the hypothesis that AOX is involved in defence 

signal transduction (Murphy et al., 1999). As has already been mentioned, application 

of exogenous SA or increase of endogenous SA induces transcription of Aox genes 

and activates the alternative respiratory pathway. On the other hand SHAM is a 

relatively competitive inhibitor of AOX (Laties, 1982). 

Moreover, researchers have observed that Aox gene expression and AOX 

protein accumulation are increased in plant tissues expressing the HR, or expressing 

resistance to viruses. This finding suggests an association between AOX and pathogen 

resistance (Lennon et al., 1997; Chivasa and Carr, 1998; Lacomme and Roby, 1999; 

Simons et al., 1999; Singh et al., 2004). 

Further evidence that confirms the existence of a virus-specific branch of the 

defence signaling pathway has come from studies using metabolic inhibitors. Cyanide 

(CN
-
) and antimycin A (AA) inhibit electron transfer in the cytochrome pathway, 

motivate electrons into the alternative pathway, and raise Aox gene induction 

(Vanlerberghe and McIntosh, 1992). For example, in tobacco and Arabidopsis, 

resistance to several viruses, including CMV, can be activated using non-fatal 

concentrations of AA and CN
-
, without PR gene expression (Wong et al., 2002; 

Mayers et al., 2005; Gilliland et al., 2006). 

According to the above data the SHAM-sensitive pathway is induced by SA 

and potentially by AOX. The virus-specific branch (see left branch Figure 2.12) can 

be activated by CN
-
 and AA (Chivasa and Carr, 1998) or inhibited with SHAM 

(Chivasa et al., 1997), independently of the other branch. These observations have led 

to the suggestion that AOX activity might play a role in the induction of virus 

resistance, but without a direct interaction between AOX and a virus component. 

It has been demonstrated by Carr (unpublished results) that SA-induced 

resistance to TMV is antagonized by SHAM in tomato (Murphy et al., 1999). So it 

would appear that the SHAM-sensitive pathway might be the same among 
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solanaceous plants. On the other hand, Mayers et al. (2005) examined plants of 

different families and found that the SA-induced resistance to CMV is similar in 

tobacco and A. thaliana but different in squash (Cucurbita pepo). So, one cannot 

assume that SA-mediated pathways are the only means of responding against CMV 

(Ryu et al., 2004; Sekine et al., 2004). These results show that different host species 

may use significantly different approaches to resist infection by the same virus. Thus, 

a virus that is inhibited in one way by plants of one species may be inhibited in 

another host species using a different mechanism induced by a distinctly different 

signaling pathway. All the above suggest that it is difficult to attempt to construct 

general rules governing signaling in plant-pathogen interactions based on work in a 

restricted number of model plants. 
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2.8 Benzothiadiazoles (BTH) as chemical activators of SAR 

 

2.8.1 Induced resistance in plants by chemical compounds 

The induced state is not specific, but constitutes a more general increase in 

plant resistance to different types of pathogens. Particularly, it rarely prevents disease 

from occurring but generally reduces its extent or severity (Hammerschmidt et al., 

2001). These characteristics make induced resistance a powerful mechanism for 

enhancing the overall resistance in crop plants, as the plant acquires a sort of aspecific 

immunization against challenge infections. From the practical point of view, the most 

important fact is that acquired resistance can also be induced, or enhanced, by 

exogenous application of SA or synthetic compounds that may have more powerful 

effects. 

These compounds act on the endogenous defence pathways of the plant and 

they provide broad-spectrum disease control (Lucas, 1999). The classic form of SAR 

can be triggered artificially with various inorganic and organic chemicals compounds 

called “plant activators”. A chemical in order to be considered as a true activator or 

elicitor of plant defence reactions in crop protection, or SAR inducer, should fulfill 

the following three criteria (Kessman et al., 1994; Friedrich et al., 1996; Ryals et al., 

1996; Stricher et al., 1997; Brisset et al., 2000):  

1. show no direct antimicrobial activity 

2. protect against a range of pathogens without specificity 

3. activate host defence mechanisms which are similar to those induced systemically 

after biological activation of SAR, even in tissues not treated with the SAR 

inducer. 

Most published literature has shown positive effects of chemical elicitors in 

inducing SAR. However, like all technologies, there are benefits and drawbacks that 

need to be considered. On the one hand synthetic elicitors provide a way to control 

disease without exerting direct selective pressure on pathogen populations. This 

happens because the plant activators are non-toxic and have no direct effect on 

microbes. So probably they work on a number of systems, making resistance more 

difficult to be acquired by pathogens and their use seems to be mild for the 

environment relatively to current pesticides with direct modes of action. These 
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characteristics make SAR an attractive approach for managing crop pests in a 

sustainable manner within the scope of a conventional agriculture system. 

On the other hand, there are biological limitations that may hinder the 

practical use of chemical elicitors. The efficacy of SAR is also dependent on the 

pathogen, and some pathogens do not respond to elicitors. Thus, several elicitors of 

SAR failed to reduce symptoms and in some cases worsened them, for example 

symptoms of late leaf spot caused by Phaeoisariopsis personata of peanut Arachis 

hypogaea L., (Zhang et al., 2001). Moreover, depending on the plant and elicitor, a 

set period of time is required for the establishment of SAR that corresponds to the 

time required for the activation of biochemical processes for the coordinated 

accumulation of PR proteins (and transcripts) and SA throughout the plant (Ward et 

al., 1991; Uknes et al., 1992; Cameron et al., 1994; Godard et al., 1999; Resende et 

al., 2002; Soylu et al., 2003; Mandal et al., 2008). This lag time between treatment 

and expression of resistance that occurs, may limit the practical application of disease 

resistance inducers. Furthermore, the efficacy of the inducers depends on the part of 

the plant that will be treated, so the way the inducers should be applied in order to 

optimize their action is an important factor to be considered (Rocha and 

Hammerschmidt, 2005). Hence, some reports may obscure the fact that in some plant-

pathogen systems or environments SAR elicitors are relatively ineffectual (Terry and 

Joyce, 2004a). 

Synoptically, there are many unresolved questions about the use of this kind of 

chemical compound, such as optimal timing and method of application on different 

crops, integration with other types of pesticide, and interactions with the physiology 

of the plant. These chemicals are, by definition, altering plant gene expression and 

metabolism, so, when they are used may have side effects on growth or yield 

characteristics. There also appear to be differences in the efficacy of chemical defence 

activators on different crop species. SAR elicitors may not be commercially viable in 

some plant-pathogen systems (Terry and Joyce, 2004a). Understanding the 

biochemical interactions occurring between plants, pathogens and the chemical 

inducers will provide information that may be useful for the optimization of this 

approach on disease control. 
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2.8.2 Benzothiadiazoles (BTH) 

The Benzo (1,2,3)-thiadiazoles (BTH) (Figure 2.13) form a class of chemicals 

which stimulate the plant’s own defence mechanisms (Kunz et al., 1997). Their mode 

of action is the SAR activation downstream of SA. A derivative of BTH, acibenzolar-

S-methyl (ASM) (Figure 2.13 note 1) was discovered in 1989 by Ciba Geigy 

(Novartis) and commercialized under the trade name actigard in the United States 

(Syngenta Crop Protection Inc., Greensboro, NC, formerly Novartis Crop Protection) 

and Bion in Europe (Syngenta Ltd., Basel, Switzerland) (Mandal et al., 2008). 

BTH is suitable for use in field or greenhouse because of its low toxicological 

risk, rapid degradation in plant tissues, and its low impact both on humans and 

environment (Soylu et al., 2003; Cao et al., 2011). According to Soylu et al. (2003) 

BTH did not exhibit in vitro antimicrobial activity even at concentrations exceeding 

the levels effective in plants. BTH can be translocated systemically in plants. For 

instance Scarponi et al. (2001) demonstrated that BTH was rapidly transferred to 

apical leaves of tomato plants. Moreover, BTH can take the place of SA in the natural 

SAR signal pathway, inducing the same spectrum of resistance and the same set of 

molecular markers. In field-grown tomatoes, BTH was found to increase the 

expression level of the pathogenesis-related gene, P4 (equivalent to PR-1 of tobacco 

and A. thaliana), extending findings from lab-based experiments to the field (Thaler et 

al., 1999). 

Benzothiadiazoles also activate a very wide spectrum of resistance under 

practical field conditions that includes fungal, bacterial and viral pathogens 

(Oostendorp et al., 2001). As regards viruses, BTH can induce some degree of 

resistance to them (Anfoka, 2000; Pappu et al., 2000; Csinos et al., 2001; Momol et 

al., 2001; 2004; Mandal et al., 2007; 2008; Nischwitz et al., 2008), even in plants that 

do not possess a corresponding resistance gene and therefore would be completely 

susceptible, in normal circumstances (Friedrich et al., 1996). 

Many experiments have evaluated a range of BTH applications and have 

reported a balance between effective disease control and phytotoxic effects or reduced 

plant productivity (Cole, 1999; Louws et al., 2001; Abbasi et al., 2002; Perez et al., 

2003). In several of the field experiments using BTH crop yield was reduced, but 

often these reductions were statistically insignificant (Louws et al., 2001; Romero et 

al., 2001). On the other hand there are articles showing that BTH had no negative 
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effect on fruit production. So, in two field trials, the cantaloupe production of BTH 

treated plants was unaffected in the absence of disease pressure (Smith-Becker et al., 

2003). 

An inherent difference between monocotyledons and dicotyledons exists in 

terms of the longevity of the induced resistance elicited by BTH. While single 

applications of BTH were generally sufficient to induce resistance over the life of a 

monocotyledon crop, such as wheat, dicotyledon crops required repeated applications 

of BTH to extend protection over time (Görlach et al., 1996; Cole, 1999; Morris et al., 

1998; Louws et al., 2001; Romero et al., 2001). Scarponi et al. (2001) showed that 

BTH totally disappeared from tomato leaves three days after its application. 

The timing of BTH treatment and the developmental stage of the plant may be 

as important in determining BTH’s efficacy (Terry and Joyce, 2004a; 2004b) as the 

time between BTH application and the challenge with the pathogen (Godard et al., 

1999; Resende et al., 2002; Soylu et al., 2003; Mandal et al., 2008). As mentioned 

above, this happens because a certain lag-time is required for activation of the plant 

defence mechanisms. So, BTH has to be applied protectively or at an early stage in 

the disease progression (Ruess et al., 1995). In addition, according to Tally et al. 

(2000) BTH is regarded more effective when used as a preventative prophylactic 

treatment. 

 

 

 

 

 

 

Figure 2.13. The Benzo (1,2,3) thiadiazoles (BTH) lead structure (source:Kunz et al., 

1997). (1): S-methyl benzothiadiazole-7-carbothioate (ASM), (2): Methyl 

benzothiadiazole-7-carboxylate, (3): Benzothiadiazole-7-carboxylic acid. 
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2.8.3 Response of BTH treated tomato plants against diverse pathogens 

BTH proved to be an efficient activator of several plant defence mechanisms 

and a useful tool for induced resistance in tomato and other plant species (Soylu et al., 

2003). Benhamou and Bélanger (1998) were the first who revealed that BTH induces 

SAR in tomato plants. Specifically, they demonstrated that BTH treated tomato plants 

were protected against the root rot disease caused by Fusarium oxysporum f. sp. 

radicis-lycopersici. 

Later, Tally et al. (2000) showed that BTH applications on tomato plants 

activated resistance against late blight, caused
 

by Phytophthora infestans. 

Additionally, repeated applications of BTH reduced early blight on tomato, caused by 

Alternaria
 
alternata, while others found that BTH offered little

 
protection against the 

combined effects of late blight and early blight
 
of tomato (Inbar et al., 1998; Louws et 

al., 2001). 

Achuo et al. (2004) demonstrated that soil or leaf treatment with BTH induced 

resistance against B. cinerea in tomato, but neither soil nor foliar application of BTH 

had any effect on the infection of tomato by Oidium neolycopersici. Similarly, Inbar 

et al. (1998) and Hennin et al. (2001) earlier had reported that BTH did not 

significantly reduce powdery mildew (O. neolycopersici) infection of tomato. 

According to literature, the eliciting activity of BTH on tomato plants is quite 

effective against bacterial pathogens as well. Hence, in a series of field experiments 

repeated applications of BTH were effective at reducing the severity of bacterial spot 

(caused by Xanthomonas axonopodis pv. vesicatoria or X. campestris pv. vesicatoria) 

and bacterial speck (caused by Pseudomonas syringae
 
pv. tomato) on foliage and fruit 

of tomato, in the same way with standard anti-bacterial treatments including copper 

hydroxide. Moreover, BTH was effective at controlling field epidemics of bacterial 

speck and spot when copper resistant strains of
 
P. syringae and X. axonopodis 

predominated (Louws et al., 2001). Obradovic et al. (2005) showed that BTH 

completely prevented the occurrence of typical symptoms of bacterial spot (caused by 

X. campestris) in greenhouse experiments with tomatoes. 

Herman et al. (2008) also provided evidence that BTH effectively reduced 

bacterial speck (P. syringae pv. tomato) incidence and severity in greenhouse grown 

tomatoes, both alone and in combination with an ISR-inducing product. They 

demonstrated that BTH application led to elevated activation of SA and ethylene-



37 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

mediated responses, based on real-time polymerase chain reaction analysis of marker 

gene expression levels. 

Most literature on BTH plant activator reports that its treatments positively 

suppress disease, although there are some studies which demonstrate that BTH 

derivatives are relatively ineffective in some plant-pathogen systems and/or 

environments, as mentioned above for powdery mildew (Inbar et al., 1998; Hennin et 

al., 2001; Achuo et al., 2004). 

 

2.8.4 Antiviral activity of BTH 

Little is known about the ability of BTH to trigger SAR in different plant 

species against virus diseases, as most of these studies referred to tobacco plant 

(Friedrich et al., 1996; Csinos et al., 2001; Mandal et al., 2007; 2008; Momol et al., 

2001; 2004; Nischwitz et al., 2008). BTH was reported to suppress accumulation of 

viral RNA of TMV in tobacco (Friedrich et al., 1996). Treatment of Arabidopsis with 

BTH resulted in resistance to Turnip crinkle virus (TCV). This resistance was 

characterized by a decrease in necrotic symptoms, which was apparently due to 

inhibition of viral replication as viral RNA could not be detected in the plant (Lawton 

et al., 1996). 

Anfoka (2000) first proved that BTH triggers SAR and protects tomato plants 

against aphid transmitted CMV-Y using the cotton aphid (Aphis gossypii Glover). 

BTH application as a drench, seven days before transmission of CMV-Y, protected 

plants against the necrosis caused by CMV-Y. The resistance was evident as a 

decreased disease incidence and severity. The disease incidence in BTH-treated plants 

did not exceed 12.5% whereas 91.7% of control plants were severely infected. The 

induced resistance in tomato plants markedly reduced the replication of viral RNA. 

According to Anfoka one hypothesis for these observations may be that the activation 

of SAR genes in BTH-treated tomato plants results in modifications of the structure of 

the plasmodesmata which reduce the rate of virus movement. 

Another reference for BTH treatment against CMV is that of Smith-Becker et 

al. (2003), where one application of BTH induced the systemic accumulation of 

chitinase, and effectively delayed the spread of CMV in cantaloupe in greenhouse 

trials. Foliar applications of BTH were tested in replicated field trials singly and in 

combination with imidacloprid for their effect on reducing the impact of TSWV in 
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tobacco. Results showed that BTH significantly reduced final disease incidence in two 

trials, whereas imidacloprid, when applied alone, suppressed disease incidence only in 

one out of four trials. Significant reduction in incidence occurred at three of the four 

locations when both were applied together (Pappu et al., 2000). 

Benzothiadiazole was also found to protect tobacco plants against the effects 

of the thrip-vectored TSWV in field-grown tobacco, as assessed by a reduction in the 

number of symptomatic plants (Csinos et al., 2001). Studies on the effect of BTH on 

TSWV incidence on tomato and tobacco showed a significant reduction in incidence 

in combination with other treatments such as reflective mulches and insecticides. The 

metalized mulch was most effective in reducing disease incidence. BTH reduced 

incidence of TSWV on the standard black mulch but not on metalized mulch. The 

regimen of metalized mulch, BTH and insecticides reduced TSWV by as much as 

76% (Momol et al., 2001; 2004). 

Mandal et al., (2007) determined if transplant age and preplant applications of 

BTH and imidacloprid influence TSWV incidence in flue-cured tobacco. They found 

that 14-week-old tobacco plants had fewer local lesions per plant and significantly 

fewer systemic infections when mechanically inoculated in the greenhouse than the 6- 

or 10-week-old tobacco plants. In a more recent study they demonstrated that 

treatment of flue-cured tobacco with BTH activated high levels of resistance against a 

severe isolate of TSWV and the expression of the PR proteins inversely correlated 

with the induction in the number of local lesions caused by this virus (Mandal et al., 

2008). Pretreatment with BTH and imidacloprid decreased infection caused by TSWV 

in flue-cured tobacco, as it reduced the percentage of symptomatic plants, and 

increased yields in four of five field trials over four years, compared with the 

nontreated controls (Nischwitz et al., 2008). 
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2.9 Pyraclostrobin a strobilurin fungicide 

 

2.9.1 Strobilurins 

Strobilurins are one of the most important classes of agricultural fungicides 

and were first launched in 1996 (Bartlett et al., 2002). Their invention was inspired by 

a group of fungicidally active natural products, isolated and identified from the 

mycelium of Strobilurus tenacellus and Oudemansiella mucida. The simplest of the 

natural strobilurins are strobilurin A and oudemansin A, which belong to natural β-

methoxyacrylates (Bartlett et al., 2001; 2002). Many pesticide companies were able to 

discover synthetic analogues that are more efficacious and more stable than the 

natural ones. Till 2007 there were about eight synthetic strobilurins in the fungicides 

market (Balba, 2007). 

Strobilurin fungicides have become an integral part of disease-management 

programmes on a wide range of crops in many countries of the world. One of the key 

reasons for the outstanding commercial success of strobilurins is that they have broad-

spectrum activity, as they give control of fungi from all four classes of plant 

pathogenic fungi, namely the Ascomycetes, Basidiomycetes, Deuteromycetes and 

Oomycetes. Other major reasons for the success of strobilurins are the control of 

fungal isolates resistant to other fungicide modes of action, the low use-rates and the 

excellent yield and quality benefits. 

The fungicidal activity of the strobilurins stems from their ability to inhibit 

mitochondrial respiration by binding at the so-called Qo site of cytochrome b and 

block electron transfer between cytochrome b and cytochrome c1. This disrupts the 

energy cycle within the fungus by halting the production of ATP (Sauter et al., 1999; 

Bartlett et al., 2001; Herms et al., 2002). Because of this disruption of energy 

production, spore germination and zoospore mobility, which are highly energy-

demanding stages of fungal development, are particularly sensitive to strobilurins. So, 

strobilurins are best applied prior to infection or in the early stages of disease 

development in order to use their potent effects against spore germination and 

zoospore mobility. Although the strobilurins effects on plants have been studied for 

many years, there is no evidence of any direct interaction between strobilurins and 

enzymes of receptor systems other than mitochondrial respiration. 
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Usually the fungicides have focused on control of phytopathogens with the 

purpose of reducing the inoculum level. For strobilurins the concept of disease control 

gained other perspectives, especially when considering the advantages obtained by the 

action of positive physiological effects on the plants (Venancio et al., 2003). After 

intense research on the fungicidal properties of strobilurins, the evidence of their 

direct influence in physiological processes of plants not infected or threatened by 

pathogens was strengthened. This activity was named “physiological effect” or 

“greening effect”. Moreover, apart from direct activity with the pathogen, strobilurins 

are also known to trigger the host defence responses (Herms et al., 2002; Sudisha et 

al., 2005). 

The “greening effect” is associated with the ability of strobilurins to maintain 

the green leaf area, therefore to delay chlorophyll loss and hence leaf senescence, 

thereby increasing the photosynthetic duration of the crop, with resultant yield 

benefits (Bartlett et al., 2002; Kleven et al., 2003). For instance, in Europe (UK), 

strobilurins have been shown to increase yields by up to 15% in wheat and barley in 

comparison to conventional triazole fungicides (Kleven et al., 2003). The increase in 

biomass and production, obtained by application of strobilurins, even in plants not 

affected by fungi, is of special interest for agricultural practices. 

One hypothesis to explain this phenomenon indicates that a variety of 

physiological processes are directly affected by strobilurins, including: 

 the carbon dioxide compensation point,  

 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and thereby ethylene 

biosynthesis,  

 leaf senescence,  

 chlorophyll content,  

 photosynthetic activity,  

 stomatal aperture,  

 water consumption,  

 plant antioxidant enzyme activity,  

 endogenous levels of abscisic acid (ABA) and other plant hormones, and  

 nitrate reductase activity. 

Indeed the strobilurins proved to inhibit the biosynthesis of ethylene through 

reduction of the activity of ACC-synthase in tissue of wheat buds (Grossmann and 
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Retzlaff, 1997). This was related to the delay in the senescence of leaves and, as a 

result, to the prolonged photosynthetic activity of green tissue and a better 

management of stress (Grossmann and Retzlaff, 1997; Grossmann et al., 1999). 

Moreover, the NADH-nitrate reductase that catalyzes the first stage of nitrate 

assimilation, is considered as the relevant target for the effect on production caused by 

strobilurins (Köehle et al, 2003), because this brings on greater assimilation of 

nitrogen for more complex metabolisms, which leads to an increase in biomass. 

A second hypothesis presented for the “greening effect” has been that 

strobilurins prevent the spores of pathogenic, non-pathogenic and saprophytic fungi 

from germinating and thereby stop the elicitation of energy-demanding host-defence 

responses, whereas other fungicides do not (Bertelsen et al., 2001). 

It is possible that elements of both hypotheses contribute to these 

“unexpectedly good” yield benefits with strobilurins in wheat and barley. There are a 

number of published studies on grain, fruit, tuber and bulb quality following disease 

control with a strobilurin fungicide in a wide range of crops other than wheat and 

barley. Especially for tomatoes, there is evidence that strobilurins increased soluble 

sugars and extended their shelf life (Siviero et al., 2001 reviewed in Bartlett et al., 

2002). 

Finally, strobilurins have a number of environmental advantages, as they show 

few signs of specific toxicity related to their pesticidal mode of action. This class of 

fingicides presents minimal risk to human health, and is generally of low toxicity. The 

commercialised strobilurins are considered safe to birds, mammalian wildlife, bees, 

earthworms and beneficial insects at limit doses. They are relatively readily degraded, 

they have a half-life of 4-6 weeks in soil, and they are completely mineralised by 

microbes and light. 

 

2.9.2 Induction of resistance to viruses by strobilurins 

Since the bc1 complex persists in all eukaryotae, at least one partial inhibition 

in the transportation of electrons must also be expected in plant cells after absorbing 

the strobilurin fungicides (Venancio et al., 2003). A transitory influence in the plant 

mitochondria does not necessarily result in phytotoxicity, because the toxicity at the 

organism level is determined by the dose of a compound and there is no toxicity for 

plants at limit doses of strobilurins. 



42 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Several studies in plants refer to the involvement of mitochondria in the 

defence response induced by pathogens. Such a model of induction of resistance to 

viruses, including strobilurins, was suggested by Singh et al. (2004) (Figure 2.14). 

According to the authors, SA can stimulate resistance to viruses using at least two 

pathways of transduction. It can stimulate increase in the transcription of RNA-

dependent RNA polymerase (RdRp1) (Xie et al., 2001; Yu et al.; 2003). 

Alternatively, SA can inhibit respiration in the chain of transportation of electrons 

(Xie and Chen, 1999), leading to an increase in the ROS in mitochondria. Other 

inhibitors of respiration in the transportation of electrons such as AA, CN
-
 (Chivasa 

and Carr, 1998) or strobilurins type fungicides (Herms et al., 2002) can also cause an 

increase in ROS. The amplitude and duration of this increase in mitochondrial ROS 

will be under negative regulation through AOX. 

Although not shown in this diagram (Figure 2.14), the expression of the Aox 

gene in the nucleus is transitory and stimulated by inhibition of the chain of electron 

transportation, leading to increase in the accumulation of AOX in the mitochondria. 

Then AOX controls the buildup of mitochondrial ROS, and signals of ROS can be 

detected by a protein sensor that is still unidentified, by means of a mechanism of 

thiol/disulfite change (Dutilleul et al., 2003). Subsequent signals are proposed to the 

induction of nuclear genes that affect movement and viral replication. 

The effects described above can explain the induction of resistance against 

viral attack. Strobilurins’ effect on resistance was investigated by one of the best 

models of the system for studying interactions, specifically interaction between TMV 

and tobacco plants. Therefore, the strobilurin group, in addition to serving as potent 

fungicides, probably also protects plants by increasing their inherited capacity to 

activate a cellular defence response. 
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Figure 2.14. A model of induction of resistance to viruses by inhibitors of respiratory 

electron transport chain such as salicylic acid (SA), antimycin A (AA), cyanide (CN
-
) 

or strobilurin-type fungicides (SB). SA can also stimulate increased transcription of 

RNA-dependent RNA polymerase (RdRp1) which is thought to enhance the turnover 

of viral RNA via RNA interference (RNAi) based mechanisms (source: Singh et al., 

2004). 
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2.9.3 Pyraclostrobin  

Pyraclostrobin is the active ingredient of a new, broad-spectrum strobilurin 

fungicide developed under codename BAS500F or F500 by BASF. It has a methyl N-

methoxycarbamate toxophore (Figure 2.15). Regarding its properties, pyraclostrobin 

has translaminar activity, is transported acropetally and basipetally, and is non-

systemic, but locally systemic (Table 2.3). Its unique physicochemical properties 

ensure that the agent, once applied, adheres firmly to the waxy layer of the leaf as a 

fat-soluble coating and reaches all areas of the leaf tissue. 

 

 

Table 2.3. Redistribution properties of pyraclostrobin  

Uptake into leaf Very low 

Molecular redistribution by air No 

Metabolic stability in leaf  Yes 

Translaminar movement Low 

Xylem systemic No 

Systemic movement to new 

growth in wheat and barley 

 

No 

Phloem mobile No 

 

 

Since its launch in 2002, pyraclostrobin has made a significant contribution to 

keeping crops healthy against numerous fungi from the four agronomical classes. Like 

all strobilurins, pyraclostrobin acts as a highly selective inhibitor of fungal spore 

germination by blocking a specific stage of cell respiration in the mitochondria. 

Without this respiration process, the attacking harmful fungi are “suffocated” early in 

their development and die (Bartlett et al., 2001; 2002). 

Pyraclostrobin, as well as having excellent preventative curative properties, 

gives a yield boost beyond that expected solely from disease control. It increases plant 

vitality, induces various mechanisms that help the plant to adapt better to various 

stress factors, and enhances the plant's performance. Field experiments have revealed 

that cereals treated with pyraclostrobin show significant increases in production, 

greater than those due only to its fungicidal effect (Köehle et al., 2003). Thus, the 

fungicide presents additional effects on plant physiology, which lead to a positive 

influence in the formation of production. The physiological effects of pyraclostrobin 
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were reviewed under several levels of complexity, from the “greening effect” 

frequently mentioned and the enhancement of stress factors in field and under 

controlled conditions, to the influence of hormonal regulation and assimilation of 

carbon and nitrogen by the plant (Venancio et al., 2003). Pyraclostrobin’s mode of 

action in this regard, appears to be different from other strobilurins. 

Indeed, pyraclostrobin appears to have a much larger effect on nitrogen 

reductase, so the plant can assimilate more nitrogen, which means that soil nitrogen is 

absorbed better by the plant and it is put to more effective use for plant protein 

production. This has a positive impact on plant biomass and ultimately also on plant 

productivity. 

Moreover, the enhancement of nitrate reductase activity promotes the 

production of NO, a signal molecule involved in the plant's pathogen defence system. 

Conrath et al. (2004), using Restriction capillary inlet mass spectrometry (RIMS), 

demonstrated that pyraclostrobin triggers NO production in plants. Analytically, it 

was revealed that in tobacco cell cultures, F500 elicited a huge emission of NO after 

approximately five minutes which steadily increased over the 24-hours detection 

period, while respiratory O2 uptake was dramatically inhibited. NO ensures rapid 

activation of defence mechanisms in plants. In this manner, treated plants are better 

equipped for rapid identification and effective repulsion of aggressive pathogens. It 

has been speculated that the enhanced pathogen resistance of tobacco induced by 

F500 might be because of pyraclostrobin-induced NO release (Kohle et al., 2003). 

This can be demonstrated particularly effectively for bacterial and viral pathogens, as 

pyraclostrobin, like all strobilurin, has no direct action against these pathogens. 

Indeed, suitably treated plants are better able to defend themselves against these 

harmful organisms than untreated controls. 

Pyraclostrobin also has a much stronger hormonal effect than other 

strobilurins. Köehle et al. (2003) concluded that pyraclostrobin altered the status of 

phytohormones in wheat bud tissues. The most remarkable change was the inhibition 

of ethylene biosynthesis by the reduction of the activity of ACC synthase. Together 

with the increase in endogenous auxin, this change in hormonal balance would 

explain the retarded senescence of leaves and enhancement in the tolerance to stress. 

So the plant stays vital for longer, and the yield and quality are supported on a 

sustainable basis. Also, pyraclostrobin stimulated the levels of ABA (Köehle et al., 

2003), and the authors believe that this might favour tolerance to cold and adaptation 
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to conditions of water shortage. Studies show that pyraclostrobin increases the activity 

of the protective enzymes naturally produced by the plant. Stimulation of the plant's 

own natural antioxidative processes results in a marked reduction of harmful ROS, 

equipping the crop to adapt effectively to adverse conditions. 

In addition, increased assimilation of carbon dioxide has been observed due to 

pyraclostrobin treatment of plants, with increased chlorophyll activity and increased 

yield (Clair et al., 2004). Application of pyraclostrobin also reduces the incidence of 

symptoms caused by ultraviolet (UV) radiation and prevents the associated loss of 

vitality (Thorsten, 2005). 

 

 

 

 

 

Figure 2.15. Structure of pyraclostrobin (source: Bartlett et al., 2001) 

 

 

2.9.4 Antiviral activity of pyraclostrobin 

Very little is known about the activity of pyraclostrobin against virus diseases. 

Pyraclostrobin enhanced the resistance of tobacco (Nicotiana tabacum cv Xanthi nc) 

against infection by TMV, and it also enhanced TMV resistance in nahG transgenic 

tobacco plants. This finding suggests that pyraclostrobin enhanced TMV resistance in 

tobacco either by acting downstream of SA in the SA signaling mechanism or by 

functioning independently of SA. The latter assumption is the more likely because in 

infiltrated leaves, pyraclostrobin did not cause the accumulation of SA-inducible PR-1 

proteins that often are used as conventional molecular markers for SA-induced 

disease resistance. Though accumulation of PR-1 proteins and the associated 

activation of the PR-1 genes were elicited upon TMV infection of tobacco leaves and 

both these responses were induced more rapidly in pyraclostrobin-pretreated plants 

than in the water-pretreated controls. Thus pyraclostrobin may enhance disease 

resistance in tobacco by accelerating the plant’s ability for the induction of normal 

defence responses that occur once the pathogen is sensed by the plant (Herms et al., 

2002). 
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The effect of pyraclostrobin in the production of potato plants cv. Agate 

infected by the viruses PVY or PVX was investigated by Geraldino et al. (2002). 

Potato plants treated and inoculated with PVY produced an average of 351.1 g and, 

the ones treated and inoculated with PVX produced 398.5 g, the plants treated and not 

inoculated produced 332.5 g and the plants not treated and not inoculated produced 

302 g. This result was considered important, because it indicated a new alternative for 

the decrease of losses caused by virus in field. 

However, pyraclostrobin failed to induce resistance against Tobacco etch virus 

and PVY in tobacco plants (data not shown Herms et al., 2002). Finally, there were 

indications that pyraclostrobin induced plant resistance mechanisms against CMV and 

delayed disease development in tomato plants, in greenhouse experiments. Lower 

disease incidence and slower development of CMV infection was observed when 

inoculation with the virus was carried out 24 hours after pyraclostrobin application. 

Moreover a second application of pyraclostrobin, one week after the first one, seemed 

to maintain the antiviral effect (Varveri et al., 2006). 
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CHAPTER THREE 

 

 

Materials and methods 

 

3.1 Plant material and cultivation 

The hybrid F1 Clodin tomato without special resistance against viruses was 

used for all the experiments of this study with tomato seedlings. In a glasshouse 

equipped with double doors and insect proof net, tomato seeds were sown in 0.2 L 

pots containing peat moss. Seedlings in all experiments were grown at 25°C day and 

19°C night, with a 16-hour photoperiod. Additional daylight illumination was 

provided. Plants were irrigated every second day with approximately 50 mL of water. 

The Spanish hybrid Delos tomato (Fytroseeds, Greece), kindly supplied by V. 

Mallis, was used in three experiments aiming at fruit production. Experiments were 

conducted in consecutive years, from 2008 till 2010 (1
st
 experiment: October 2008 - 

April 2009, 2
nd

: August 2009 - January 2010 and 3
rd

: January - June 2010). Seeds 

were sown in seed pans containing a blend of high grade frozen black sphagnum peat 

(Klasmann Potgrond P, Germany). Seedlings were transplanted 36 days after seeding 

in 20 L pots of 30 cm diameter in a soil mix consisting of medium decomposed white 

sphagnum peat moss (Klasmann TS3, Germany) and perlite (2:1 v/v respectively). 

Plants were grown at temperatures ranging between 16 and 30°C in winter and 

between 18 and 32°C in spring with a 16-hour photoperiod. Seedlings were irrigated 

every second day with approximately 50 mL of water. Plants were fertilised after 

transplantation [Ca(NO3)2 : KNO3 : NH4NO3 : NH4H2PO4 : MgSO4 in proportion of 

0.5 : 0.55 : 0.15 : 0.3 : 0.35 g per L of water] every day initially with 0.5 L, gradually 

increased up to 2 L, depending on their needs. In the 2
nd

 and the 3
rd

 experiments 

plants were fertilised with potassium (KPO4, 3 g per L of water) twice per week 

instead of the pre mentioned fertilization to obtain an earlier blossom. 

All plants were topped at a height of 2.5 m for the first experiment and 2.3 m 

for the next two experiments. The side shoots were pruned as they appeared. Flowers 

were hand-pollinated and tagged at anthesis in order to determine the days after 

anthesis (DAA). 
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3.2 Source of inocula and challenge inoculation 

 

3.2.1 Source of inocula 

Two CMV, two PVY and one TSWV Greek isolates were used. The isolate 

used most in this study was an isolate of CMV named “CMV four” (CMV4). It was 

isolated in Korinthos, in 1995 from L. esculentum showing mosaic and shrinkage 

symptoms (Varveri and Boutsika, 1999). 

The other CMV isolate, named “CMV fifty” (CMV50), was isolated from 

Cucurbita pepo in Tympaki (Crete), in 2007. The TSWV was isolated from Lactuca 

sativa, in Marathon, in 2006. The one of the two PVY isolates, “PVY one” (PVY1), a 

common virus isolate (PVY
O
), was isolated from Solanum tuberosum in Crete, in 

1995, while the other named “PVY sixty nine” (PVY69), an isolate inducing necrotic 

symptoms on potato tubers (PVY
NTN

), was isolated from S. tuberosum in Tripoli in 

2005 (Varveri, personal communication). 

All used virus isolates were stored as dehydrated (by CaCl2) infected plant 

tissues under refrigeration at Benaki Phytopathological Institute (BPI). In order to be 

used in the experiments the viruses were propagated in Nicotiana tabacum “Xanthi 

nc” plants showing symptoms in the glasshouse of BPI. 

 

3.2.2 Virus inoculation 

Inoculum of each virus was prepared from young symptomatic tobacco leaves 

by homogenizing leaf tissue in 0.03 M potassium phosphate buffer pH 7.4 in a 1:3 

w/v (fresh tissue weight / volume buffer) ratio. 

In experiments with seedlings virus inoculation was carried out either on 

cotyledons, or on cotyledons and the first true leaf, or only on the first true leaf 

(depending on the plant size) as stated in each experiment separately. In three 

experiments aiming at fruit production, the inoculation was performed on the first true 

leaf of each seedling, when plants had the first two fully expanded leaves. In all cases 

the virus was applied by gently rubbing with carborundum over the leaf surface. The 

leaves were then washed under a stream of tap water. 
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3.2.3 Virus transmission by aphids 

Colonies of virus-free Myzus persicae aphids were propagated onto Solanum 

melongena plants at 25°C. Prior to virus acquisition aphids were left to starve into 

Petri-dishes for 3 h, and were then fed on infected tobacco leaves for 3-5 min, to 

acquire the virus. Subsequently, aphids (8-22, depending on the plant size and the 

used virus isolate) were transferred to tomato plants. The following day all plants 

were sprayed with the insecticide imidacloprid (20 % SL). 

 

3.3 Benzothiadiazole (BTH) and pyraclostrobin application 

BTH was applied once or weekly (formulation BION 50% water dispersible 

granule [50 WG]) at a concentration of 50 mg/L until incipient run off (15 mL per 

plant approximately) when the first true leaves appeared. Challenge with viruses was 

done four, five or seven days after application with BTH, as stated in each experiment 

separately. 

Pyraclostrobin was applied twice with an interval of seven days (formulation 

F500 25% a.i. w/v) at a concentration of 0.8 mL/L until run off (15 mL per plant 

approximately). The first application took place when the first true leaves appeared 

and the next day the challenge with the virus was conducted. 

 

3.4 Physical assessments 

Plant developmental stage (stem length and leaves number) was recorded at 

regular time intervals for each individual plant. The stem diameter (at the bottom, 

middle and top of the plant) was measured. After harvesting, the fruits were 

individually weighed with and without calyx and their dimensions (diameter, 

perimeter and height) recorded. The total number of fruits per plant was also noted. 

 

3.5 Biochemical assessments 

Enzyme-linked immunosorbent assay (ELISA) was conducted to determine 

the presence of the virus in leaves and fruits of CMV inoculated plants. NSCs, organic 

acids and carotenoids of fruits were quantified by HPLC as described below. The 

antioxidant capacity was measured using 2, 2-diphenyl-1-picrylhydrazyl (DPPH) 

radical scavenging. 
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3.5.1 Sample preparation for biochemical analyses 

Samples were prepared from fruits immediately after harvest and all samples 

from inoculated plants were tested with ELISA for presence of CMV. Each fruit 

without calyx was divided into four sections by cutting it vertically and 

longitudinally. The parenchyma (tomato gel) including seeds was removed. The 

remained tomato pericarp was chopped to reduce its size to less than 1 cm
3
 and an 

average fresh weight of 15 g for each sample was immediately snap-frozen in liquid 

nitrogen and then stored at -80°C. Frozen samples were freeze-dried in a freeze drier 

(HETO LyoLab 3000, Figure 3.1). Lyophilisation was used to dehydrate the 

biological material, so no enzymatic reactions in the dry state and no affect on the 

composition of the plant material could occur. Lyophilised samples were weighed 

again for determination of dry weight percentage. Subsequently the samples were 

ground using a hand-operated pestle into a fine powder and returned to -80°C until 

their transportation from Athens to United Kingdom (UK). In the Plant Science 

Laboratory (PSL) of Cranfield University (CU) pulverized samples were stored at 

-40°C until analysis. 

 

 

 

 

 

 

 

 

 

Figure 3.1. HETO LyoLab 3000 freeze drier. 
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3.5.2 Enzyme-linked immunosorbent assay (ELISA) 

The presence of CMV was determined regularly mainly in newly emerged 

leaves and selected fruits for further analysis by double antibody sandwich (DAS) 

ELISA (Clark and Adams, 1977). 

Polystyrene 96 well microtitre plates (Corning Incorporated 3590, NY) were 

coated with anti-CMV immunoglobulin G (IgG) from in-house made antiserum raised 

against a CMV Greek isolate and diluted at 1:1000 in carbonate coating buffer, pH 

9.6. The applied volume per well was 200 μL, as in all steps, and plates were 

incubated for 3 to 4 h at 37°C. Samples were homogenized in plastic bags, where sap 

of leaves or fruits was expressed using phosphate buffer saline (PBS) containing 

0.05% Tween-20 PVP (PBS T PVP, pH 7.4) at a ratio of 1:10 w/v (fresh weight / 

volume buffer). Coated plates were washed by flooding wells with PBS T for 5 min; 

this being repeated three times, before adding plant samples, which were then 

incubated at 4°C overnight. The next day the plates were washed as above and 

alkaline phosphatase-conjugated IgG diluted at 1:1500 in PBS T PVP was added. 

After 3 to 4 h incubation at 37°C, substrate (p-nitrophenylphosphate at 1 mg/mL in 

diethanolamine pH 9.8) was added and incubated at room temperature (25°C) for 1-2 

h. Absorbance values were determined using a microplate absorbance reader 

(BIORAD i Mark) at 415 nm (Figure 3.2). The blank solution to calibrate the 

absorbance reader consisted of extraction buffer (PBS T PVP, pH 7.4). Samples with 

absorbance values that exceeded three times those of the healthy controls were 

considered as positive (CMV infected). 

In the same way the presence of TSWV or PVY was determined in newly 

emerged leaves of tomato seedlings using commercial reagents (LOEWE) against 

TSWV and an in-house made antiserum raised against a PVY Greek-derived isolate, 

respectively. 

 

 

 

 

 

 

Figure 3.2. Microplate absorbance reader (BIORAD i Mark). 
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3.5.3 Immunocapture-polymerase chain reaction (IC-PCR) 

To support the findings from the ELISA an analysis, IC-PCR was conducted 

in all BTH treated and CMV inoculated plants. Primers allowing production of a coat 

protein fragment of 482-501 bp were used for CMV amplification. The IC-PCR 

protocol of Candresse et al. (1995) was applied as described by Varveri and Boutsika 

(1999) with a few modifications. 

Briefly, PCR tubes were coated with 2 μL of anti-CMV IgG from in-house 

made antiserum in 100 μL carbonate buffer (pH 9.6) at 37°C for 3 h. Coated tubes 

were emptied and washed with 150 μL PBS T. The plant extracts were prepared as 

described above for the ELISA test (1:10 w/v sample fresh weight / PBS T buffer, pH 

7.4) and 100 μL of each sample were incubated at 4°C overnight. The next day two 

washes with 150 μL PBS T buffer and one wash with 150 μL bidistilled water were 

conducted. Subsequently, 10 μL of RT-PCR mix (0.5 μL Triton 10 %, 2 μL buffer 5x, 

2 μL DTT, 0.625 μL dNTPs 10 mM, 1 μL super script II, 0.4 μL reverse primer and 

3.475 μL H2O) were added to each tube and tubes were incubated at 42°C for 45 min. 

Then, 40 μL of PCR mix (5 μL buffer 10x, 1.5 μL MgCl2 50 mM, 1.25 μL dNTPs 10 

mM, 0.4 μL forward primer, 0.4 μL Taq DNA polymerase and 31.45 μL H2O) were 

added to each tube and PCR process was carried out in a DNA thermocycler. 

Denaturation was accomplished by incubation for 2 min at 92°C, followed by 40 

cycles of 20 s at 92°C, 20 s at 57°C and 40 s at 72°C each, with a final extension for 5 

min at 72°C. 

Aliquots (10 μL) of PCR product were analysed by electrophoresis on a 1% 

agarose gel containing ethidium bromide in Tris-borate EDTA buffer. The size of the 

amplicons was compared with size standards (1 kb DNA ladder). 

 

3.5.4 High performance liquid chromatography (HPLC) 

HPLC was used for all sample analyses that included separation and 

identification. It allows detection of several compounds simultaneously offering high 

selectivity and sensitivity. Sugars were detected using an evaporative light scattering 

detector (ELSD) and identified by the retention indices. Organic acids and carotenoids 

were detected using a diode array detector (DAD), which as well as tested the 

retention times, also monitored the spectral characteristics of the examined 

compounds and compared them directly with the pure standards at the ascending and 
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descending slopes and at the maximum. It is worth taking into consideration that 

reliability of data obtained by HPLC mainly depends on the accuracy of the 

calibration (Kimura and Rodriguez-Amaya, 2002; Periago et al., 2004). So once the 

standard solution had been prepared and the standard curves demonstrated the 

required characteristics, a number of samples of both treatments were analyzed in a 

randomized order. Standards were analyzed at the beginning and the end of each 

analysis in order to check for accuracy. 

 

3.5.5 Extraction and quantification of non-structural carbohydrates (NSCs) 

 

3.5.5.1 Extraction of NSCs 

Sucrose, glucose and fructose were extracted from the tomato pericarp using a 

method described by Davis et al. (2007). Lyophilised samples (150 mg) were mixed 

thoroughly (using a Vortex Genie 2, G-560 E, Scientific Industries, Bohemia, NY) 

with 3 mL of 62.5:37.5 HPLC grade methanol : HPLC grade water (v/v) in 7 mL 

polystyrene bijou vials (Sterilin, Stone, UK). The vials were placed in a shaking water 

bath (Fisons, UK) at 55°C for 15 min and were removed and vortexed briefly every 5 

min to prevent layering. Then samples were removed from the waterbath and left to 

cool at room temperature (25°C) for 10 min. The cooled samples were filtered using a 

0.2 μm Millex - GV syringe driven filter unit (Millipore Corporation, Billerica, MA, 

USA). Resulting clear extracts were stored at -40°C until needed (Figure 3.3). 

 

 

 

 

 

 

 

 

 

Figure 3.3. Stages of non-structural carbohydrate extraction process. Lyophilised tomato 

sample (a), powder of sample (b), 150 mg of sample in bijou vial (c), mixed sample with 

extraction solution (d), layering extract (e), filtration of extract (f), clear extract (g). 

 

 
     a            b         c       d        e        f         g 
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3.5.5.2 Quantification of NSCs 

The NSCs content in pericarp tomato extracts was determined using a HPLC 

system comprising a P580 pump and GINA 50 autosampler (Dionex, Sunnyville, CA, 

USA) (Figure 3.4). The column used was a Rezex RCM monosaccharide Ca
+
 (8%) 

column of 300 mm × 7.8 mm diameter and 8 μm particle size (Phenomenex, 

Torrance, CA, USA, Part No. 00H-0130-K0, Serial No. 423216-1), fitted with a 

Carbo-Ca
+
 security guard cartridge of 4 mm × 3 mm diameter (Phenomenex, CA, Part 

No. AJO-4493). Mixed calibration standards of sucrose, glucose and fructose were 

prepared at concentrations of 0.05, 0.25, 0.5, 1.25 and 2.5 mg/mL. Tomato extracts 

were diluted 1:9 (v/v) with HPLC-grade water immediately before analysis. For the 

analysis of soluble sugars, 20μL of standards and of diluted extracts were injected 

automatically into the HPLC column. The column temperature was maintained at 

75°C using a Dionex STH column thermostat. The mobile phase was HPLC grade 

water at a flow rate of 0.6 mL min
-1

, which had been degassed by sparging with 

helium for 20 min prior to use. Eluted NSCs from extractions were detected by an 

evaporative light scattering detector (ELSD 2420, Waters, Milford, MA, USA) 

connected to the Dionex system using a UCI-50 universal chromatography interface. 

The total analysis time was 16 min followed by 5 min of re-equilibration. The 

retention times for sucrose, glucose and fructose were approximately 9.3, 11, and 13.7 

min, respectively. The presence and abundance of fructose, glucose and sucrose were 

automatically calculated in each extract against the external standards by comparing 

peak area to the calibration curves using Chromeleon version 4.6 software (Dionex). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Dionex HPLC system. 
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3.5.6 Extraction and quantification of organic acids 

 

3.5.6.1 Extraction of organic acids  

Organic acids were extracted from tomato pericarp according to Terry et al. 

(2007) with some modifications. Lyophilised samples (150 mg) were dissolved into 3 

mL of HPLC grade water in vials and left to stand for 5 min at room temperature 

(25°C). Then samples were agitated for 15 s using a vortex and the slurries were 

subsequently clarified by centrifugation at 10000 rpm (MSE Mistral 2000, Sanyo 

Gallenkamp, Leics., UK) for 3 min at 25°C. The supernatants were filtered using the 

above-mentioned 0.2 μm syringe driven filters and stored at -40°C until use. 

 

3.5.6.2 Quantification of organic acids 

Analysis of the organic acids was performed on an Agilent 1200 series HPLC 

binary pump system (Agilents, Berks., UK) equipped with an Agilent photodiode 

array with multiple wavelength detector (DAD, G1315B/G1365B) (Figure 3.5). L-

ascorbic, citric and oxalic acid contents in extracts were detected at 210 nm. Mixed 

calibration standards of organic acids, including oxalic, L-tartaric, L-malic, L-ascorbic 

and citric acids were prepared at concentrations of 0.04, 0.08, 0.20, 0.40, 1.00 and 

2.00 mg/mL. Filtered organic acid extracts (20μL) without dilution were injected 

automatically into an Alltech Prevail Organic Acid column 250 mm × 4.6mm 

diameter, 5 μm particle size (Alltech, CA; Part No. 88645, Serial No. 04061922.1), 

fitted with an Alltech Prevail Organic Acid guard column, 7.5 mm × 4.6 mm 

diameter, 5 μm (Alltech, CA, Part no. 96429). The mobile phase was 0.2% analytical 

grade metaphosphoric acid (HPO3) in HPLC grade water (w/v), and before being used 

was filtered (Charles Austin Pump Ltd, B105 D/E, UK) using 0.4 μm filter and 

degassed as previously described. The flow rate of the mobile phase was 1 mL min
-1 

under isocratic conditions. The column temperature was set at 35°C and the 

temperature of the samples held at 4°C using an Agilent G1330B cooled autosampler. 

The total analysis time for the acids was 15 min, followed by 5 min of re-

equilibration. All acids appearing from the tomato sample extracts were identified by 

comparing their absorbance spectra to the known external standards. Then the 

quantity of each identified acid was calculated by comparing the peak area obtained 

with those of standards using ChemStation Rev. B.02.01. 
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Figure 3.5. Agilent 1200 series HPLC system. 

 

 

3.5.7 Extraction and quantification of carotenoids 

 

3.5.7.1 Extraction of carotenoids 

The carotenoids of the tomato samples were extracted using acetone as the 

solvent (Kimura and Rodriguez-Amaya, 2002; Porcu and Rodriguez-Amaya, 2008) 

with some modifications. That is, the samples were extracted in one step directly and 

used immediately. Freeze dried samples (100 mg) were dissolved into 5 mL of HPLC 

grade acetone in aluminum foil wrapped glass vials to exclude light and to allow 

optical view of their content (by removing the aluminum foil), at the same time. The 

samples were mixed thoroughly by vortexing for 20 s and then were left at room 

temperature (25°C) for 5 min. The supernatants were filtered in 12 mL brown glass 

vials using 0.2 μm syringe driven filters. The extraction and subsequent filtration were 

repeated once more so as the residue turned colorless. The supernatants were 

combined (~9 mL), mixed thoroughly and stored at -40°C in the dark for few min, 

because each of the extracts was immediately prepared for quantification analysis. 
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3.5.7.2 Preparation of carotenoid standards and determination of their 

concentration 

Commercial carotenoid standards of lycopene (1 mg) and β-carotene (5 mg) 

were purchased from Sigma-Aldrich and prepared according to Scott (2001). 

Lycopene and β-carotene were individually dissolved in 10 mL of HPLC grade 

hexane (theoretical concentrations: an aliquot of 0.1 mg/mL for lycopene and 0.5 

mg/mL for β-carotene were used). Each individual stock standard solution was 

divided into nine aliquots of 1 mL, in brown glass vials, evaporated to dryness and 

stored at -80°C until use for the preparation of mixed working standards. The remained 

volumes (~1 mL) were used to determine their actual concentrations. For the latter 

purpose, 0.1 mL of the solutions were diluted in hexane till 10 mL (total dilution 

factor DF = 100). The spectrophotometer (M501 UV/Vis Spectrophotometer, 

Camspec, Cambs. UK) was calibrated with hexane and the absorbance of the diluted 

standard solutions was measured at 470 nm for lycopene and 450 nm for β-carotene, 

using 1 cm pathlength vial cuvette. The actual concentrations of these standards were 

calculated using data given in Table 3.1, and the formula (A×V1)/A
1%

 × C
1%

, where A 

is the measured absorbance of the diluted standards, V1 is the DF, A
1%

 is the 

extinction coefficient and C
1%

 is the concentration of 1% solution (Scott, 2001). The 

calculated concentrations of lycopene and β-carotene standards were 0.098 mg/mL 

and 0.2188 mg/mL respectively. 

 

 

Table 3.1. λmax, extinction coefficients and measured absorbance of the carotenoid 

standards. 

Standard Solvent 

Wavelength 

λmax (nm) 

Extinction coefficient 

A
1%

 (AU) 

Measured absorbance 

(AU) 

Lycopene Hexane 470 2592 0.567 

β-carotene Hexane 450 3450 0.338 
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3.5.7.3 Quantification of carotenoids 

The quantification of all-trans lycopene and β-carotene in the pericarp tomato 

extracts was performed using a calibration curve made with a mixed working standard 

resulting from the above two individual standards. One mL of HPLC grade acetone was 

added in a vial containing lycopene dry stock and this was sonicated for 2 min to 

dissolve crystals. Then 900 μL of this solvent were diluted in 900 μL of acetone (DF = 

2). One mL of HPLC grade dichloromethane (DCM) was added to a vial of dried β-

carotene, this was sonicated to be dissolved, and then 100 μL diluted in 5 mL of DCM 

(DF = 50). Subsequently, a mixed calibration standard was prepared by combining 250 

mL of each one of these two diluted solvents with resultant concentration of 0.0245 

mg/mL lycopene (final DF = 4) and 0.002188 mg/mL β-carotene (final DF = 100). The 

quantification was performed using calibration curves constructed with five different 

injected amounts (1, 5, 10, 15 and 20 μL) of this mixed carotenoid standard (lycopene 

concentrations: 0.0245, 0.1225, 0.245, 0.3675, 0.49 mg/mL and β-carotene 

concentrations: 0.002188, 0.01094, 0.02188, 0.03282, 0.04376 mg/mL). All-trans 

lycopene and β-carotene contents in tomato extracts were determined using the same 

Agilent HPLC system as described above. HPLC apparatus coupled with DAD set to 

scan the wavelengths of maximum (λmax) absorption of these two carotenoids in the 

mobile phase. For the analysis 20 μL of extract was injected automatically into a 

Zorbax Eclipse XDB column 150 mm × 4.6 mm diameter, 5 μm particle size (Serial 

No. USKH034953), with a Zorbax XDB C18 guard column of 12.5 mm × 4.6 mm 

diameter. The mobile phase used consisted of ethylacetate (Fisher Scientific) 

stabilised by addition of 0.01% (w/v) butylated hydroxytoluene (BHT) and 0.1% (v/v) 

triethylamine (TEA) (A) and 90% (v/v) acetonitrile (ACN) in HPLC grade water (B), 

which were filtered and degassed as previously described. The gradient conditions 

were 0-5 min, 100% of B, 5-10 min, 100% of A and 10-15 min 100% of B, followed 

by 5 min re-equilibration with solvent B. The flow rate was 1 mL min
-1

, the column 

temperature was set at 30°C and the temperature of the autosampler held at 4°C. 

Owing to the disparity in the absorption coefficient of lycopene and β-carotene two 

measurements were done, one at 472.4 nm and the other at 452.4 nm respectively. 

Eluted all-trans lycopene and β-carotene were detected at 6.5 and 6.88 min 

respectively. They were identified by comparing their absorbance spectra to the 

known external standards, and calculated by comparing peak area obtained with 

standards. 



60 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

 

3.5.8 Extraction and measurement of tomato antioxidant activity 

 

3.5.8.1 Extraction of tomato antioxidant compounds 

The antioxidant capacity was studied through the evaluation of the free radical 

scavenging effect on the DPPH radical according to the procedure described by Xu et 

al. (2010) with slight modifications. Antioxidant compounds were extracted from 

tomato pericarp using MeOH/H2O/2M HCl (70:29.5:0.5 v/v/v). Freeze-dried samples 

were weighed (75 mg) and transferred into 7 mL polysterene bijou vials with 1.5 mL 

solvent and mixed thoroughly by vortexing. The vials were placed in a shaking 

waterbath (HAAKE SWB 20, Germany) at 35°C for 1.5 h. They were removed briefly 

and shaken for 20 s every 15 min to prevent layering. Then samples were removed 

from the waterbath and left to cool at room temperature (25°C). The cooled samples 

were filtered using a 0.2 μm syringe driven filter unit. The clear extracts obtained were 

stored at -20°C in dark until further analysis, within 2 days. 

 

3.5.8.2 Measurement of tomato antioxidant activity 

Tomato extract in methanol (100 μL) was diluted with 400 μL PBS at pH 7.4. 

Then 100 μL of the diluent was added to 3.9 mL methanolic DPPH solution (0.0025 

g/100 mL CH3OH) in disposable cuvettes (1 cm × l cm × 4.5cm) used for visible 

absorbance measurements. The reaction mixture was mixed vigorously and incubated 

in darkness for 60 min at room temperature (25°C), so that the reaction could reach a 

plateau. Absorption of the samples was measured using a spectrophotometer (M 501 

single beam scanning UV/visible, Camspec) at 515 nm. The blank solution used to 

calibrate the spectrophotometer consisted of 3.9 mL MeOH and 100 μL PBS. The 

blank was also used to check for recalibration between measurements, although no 

adjustments were necessary. The absorbance was recorded to determine the 

concentration of the remaining DPPH. The percentage of inhibition of DPPH of the 

test sample and known solution of Trolox (6-Hydroxy-2, 5, 7, 8-tetramethyl-2-

carboxylic acid) were calculated by the following formula: % Inhibition = 100 × (Ao – 

A)/Ao, where Ao was the beginning absorbance at 515 nm, obtained by measuring the 

same volume of solvent (3.9 mL methanolic DPPH solution with 100 μL PBS), and A 

was the final absorbance of the test sample at 515 nm. The calibration curve between 
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% inhibition and known solutions of Trolox was then established. The radical 

scavenging activities of the test samples were expressed as micromoles of trolox 

equivalent antioxidant capacity per gram of dry sample (μΜ TE/g DW). Trolox 

standard solutions were prepared at a concentration ranging from 50 to 1000 μM. 

 

3.6 Statistical analysis 

All statistical analyses were carried out using Genstat for Windows version 8.1 

(VSN International Ltd., Herts., UK). The differences between treatments, fruit 

position, the interaction of these two factors and greenhouse cabins were analysed 

through analysis of variance (ANOVA). Least significant difference values (LSD; P = 

0.05) were calculated. Correlations between experimental variables were made using 

Spearman’s rank Correlations. 
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CHAPTER FOUR 

 

 

Investigation into possible antiviral effect of Benzothiadiazole and 

pyraclostrobin on tomato seedlings 

 

4.1 Introduction 

Greek horticulture is characterized by a great diversity of annual crops of high 

commercial value, amongst which tomato is particularly important. During the last 

decades epidemics of CMV have emerged as one of the most serious threats to tomato 

cultivation in Greece (Varveri and Boutsika, 1999; Kyriakopoulou et al., 2000), while 

TSWV and PVY epidemics on tomato have also occurred to a lesser extent. CMV 

causes yellow mosaic and curling of the leaves, stunting of vegetative growth and 

mosaic patterns on the fruits, is distributed systemically and leads to crop failure 

(Zitter, 1991; Conti et al., 1996; Zehnder et al., 2000). 

CMV is readily transmitted by aphids, and it can be acquired by more than 80 

aphid species during ingestion of food from infected plants and then can be 

transmitted to healthy plants during brief and superficial probing (Gallitelli, 2000). 

Aphid of species Myzus persicae (Figure 2.8, section 2.6.3.3) is an important pest of 

tomato plants, whose damage may be directly through phloem feeding or indirectly by 

the transmission of plant viruses such as CMV (Francki et al., 1979; Matthews, 1991). 

Viruses, once established in a susceptible host, propagate outwards from 

inoculated cells to all parts of the plant and there is no curative method, in the way 

that fungicides protect against fungi, for suppressing viral diseases. Therefore, every 

effort should be made to prevent introduction of virus diseases into the plants. Among 

the most outstanding alternative and preventive methods is the use of plant induced 

resistance. Indeed, SAR is described as one of the strategies of efficient and 

environmentally respectful control (Zehnder et al., 2000). 

BTH has been demonstrated to elicit SAR against a broad spectrum of plant-

pathogen interactions, including solanaceous crops and viral diseases (Friedrich et al., 

1996; Anfoka, 2000; Pappu et al., 2000; Csinos et al., 2001; Momol et al., 2001; 

2004; Mandal et al., 2007; 2008; Nischwitz et al., 2008). All existing literature 
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concerns the plant-virus interactions tobacco-TSWV or tomato-TSWV (Momol et al., 

2001) except for Anfoka (2000) who first indicated that BTH application as a drench 

protected tomato plants against the necrosis caused by a yellow strain of CMV. Later, 

Smith-Becker et al. (2003) established that BTH induced resistance also to cantaloupe 

against CMV. 

Pyraclostrobin, on the other hand, has been reported to be, apart from a direct 

fungicide, a multi-functional crop protector by inducing a positive physiological 

effect in plants and making them more resistant to pathogens (Geraldino et al., 2008). 

In particular for viruses, Herms et al., (2002) demonstrated that pyraclostrobin 

enhanced the resistance of tobacco and NahG transgenic tobacco against TMV. 

Moreover, there were indications that pyraclostrobin induced plant resistance 

mechanisms against CMV and delayed disease development in tomato seedlings 

(Varveri et al., 2006). 

In this study the commercially available plant defence activator Bion (a.i.: 

BTH) and fungicide F500 (a.i.: pyroclostrobin) were separately applied as a foliar 

spray on tomato seedlings and evaluated for their potential to confer resistance against 

different viruses such as CMV, TSWV or PVY. Below, firstly are presented the 

investigation and results of Bion and follow those of F500. 
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4.2 Examination of possible antiviral effect of Benzothiadiazole 

(BTH) on tomato seedlings 

 

4.2.1 Experimental design 

The possible antiviral activity of BTH (50 mg/L) was examined against CMV, 

TSWV and PVY. The experimental design of each case is presented separately as 

follows: the response against the mechanically inoculated CMV, the aphid transmitted 

CMV, the mechanically inoculated TSWV and finally, the mechanically inoculated 

PVY. Each experiment had two treatments (a) BTH treated and virus inoculated 

plants (either by mechanical inoculation or by aphid transmission) and (b) virus 

inoculated (in the same way respectively) plants as the control. 

 

4.2.1.1 Examination of CMV mechanical inoculation in BTH treated tomato 

seedlings 

One experiment was performed to investigate the effect of repeated 

applications of BTH on CMV mechanically inoculated tomato plants. Twenty-seven 

plants were used for each treatment (9 replications × 3 plants). Inoculation was carried 

out seven days after BTH treatment (50 mg/L) on the first true leaf and BTH was 

applied weekly. Six samplings were carried out in new expanded leaves and were 

followed by ELISA analysis. 

 

4.2.1.2 Examination of CMV aphid transmission in BTH treated tomato 

seedlings 

Two experiments were conducted to investigate the effect of BTH on aphid 

transmitted CMV. For each treatment of experiment 1, 16 plants (4 replications × 4 

plants) were used, for experiment 2, 30 plants (6 replications × 5 plants) and for both 

of them 20-22 aphids per plant. In experiment 1 BTH (50 mg/L) was applied once and 

virus aphid transmission was carried out seven days after BTH treatment. In 

experiment 2 BTH was applied weekly and virus aphid transmission was carried out 

five days after the first BTH application. Samplings were performed in newly 

expanded leaves seven and five times, respectively, and ELISA analysis of all 

samples was conducted. 
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4.2.1.3 Examination of TSWV mechanical inoculation in BTH treated tomato 

seedlings 

Three experiments were conducted in total with different incubation periods 

for BTH or different numbers of BTH applications. Experiment 1 was performed with 

the mean time of four days between BTH treatment and virus inoculation, in which 16 

plants (4 replications × 4 plants) were used for each treatment and the inoculation was 

done on cotyledons. Six samplings were performed in newly expanded leaves and 

followed by ELISA analysis. The experiments 2 and 3 were performed with the 

meantime of seven days between BTH treatment and virus inoculation. For 

experiment 2, 16 plants (4 replications × 4 plants) were used for each treatment, BTH 

was applied once and virus inoculation was conducted on cotyledons. For experiment 

3, 20 plants (4 replications × 5 plants) were used for each treatment, BTH was applied 

weekly and virus inoculation was conducted only on first true leaf. Samplings for 

ELISA analysis were performed in newly expanded leaves five and four times 

respectively. 

 

4.2.1.4 Examination of PVY mechanical inoculation in BTH treated tomato 

seedlings 

One experiment was conducted with 20 plants for each treatment (4 

replications × 5 plants) and virus inoculation was carried out on the two first true 

leaves. BTH was applied weekly and three samplings were carried out in newly 

expanded leaves for ELISA test. 
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4.2.2 Statistical analysis 

The viral disease presence in tomato plants was assessed at several times and 

the results were presented collectively as a disease progress curve [that is the graph of 

disease intensity versus days post inoculation (dpi)]. Data on the percentage of 

infected plants were used to calculate the area under disease progress curve (AUDPC) 

per treatment (Campbell and Madden, 1990) and the absolute rate of disease increase 

(dy/dt). 

The AUDPC can be estimated as: 

 n 

AUDPC = Σ [(yi+yi-1)/2] (ti-ti-1) 
 i = 2 

Where i: is the time dimension (in assessment) 

y: is the level of infection 

t: is time in days (between two successive assessments) and 

n: is the number of total Elisa analysis 

and areas give the rate of infected plants per day. 

For the rate dy/dt: 

dy denotes the difference in infection between two successive assessments and 

dt the lag time between two assessments. 

Data of: (a) AUDPC values or (b) dy/dt were subjected to a repeated measures 

ANOVA, which is an analysis involving the disease presence at each time. The 

significance of difference was assessed by Student’s unpaired t test which compaired 

the means of two independent samples (treatment versus untreated control). If the 

observed significance level was small enough (less than 0.05) then the null hypothesis 

that the treatment and the control were equal was rejected. 

Statistical analysis was performed using GENSTAT for Windows version 8.1 

(VSN International Ltd., Herts., UK). 
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4.2.3 Results 

 

4.2.3.1 Response of BTH treated tomato seedlings to mechanically inoculated 

CMV 

It was observed (Figure 4.1) that within 15 days, 100% (27/27) of CMV 

inoculated control plants were infected while the respective rate of CMV inoculated 

plants which had been treated with BTH was only 3.7% (1/27) and on the 22
nd

 day 

reached the value of 14.81% (4/27) that is more than 85% difference between the two 

treatments. A t-test was carried out with the values of AUDPCs and it was found that 

the AUDPC of control [1,419 ± 73.2 (s.e.)] was significantly different (P < 0.001) 

from the respective one of BTH treatment [68.52 ± 42.5 (s.e.)] (t = 15.95 on 16 d.f.). 
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Figure 4.1. Percentage of infected tomato plants mechanically inoculated with 

CMV4, seven days after the first application of BTH (50 mg/L) () and water (). 

The short dash line represents the interval between inoculation and first sampling. The 

bars indicate ±s.d. 

 

 

4.2.3.2 Response of BTH treated tomato seedlings to aphid transmitted CMV 

In the experiment 1, with the single BTH application (Figure 4.2, A), although 

less tomato plants of BTH treatment were CMV infected versus to control the 

difference was not significant, due to the high variability among different replications. 

The AUDPC/days of control [19.33 ± 7 (s.e.)] was not significantly different (P = 

0.365) from the respective one of BTH treatment [10.3 ± 5.99 (s.e.)] (t = 0.98 on 6 



68 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

d.f.). Moreover, a t-test was carried out with the values of the term dy/dt for the 21
st
 

day, the day with the highest difference between the two treatments, and there was not 

any significant difference between the two treatments (P = 0.356). 

In the experiment 2, with weekly BTH applications (Figure 4.2, B), it was 

observed that a slower infection of BTH treated plants took place mainly for the first 

ten days compared with the untreated control plants. From the statistical analysis it 

was found that the AUDPC/days of control [29.76 ± 5.10 (s.e.)] was significantly 

different (P = 0.014) from the respective one of BTH treatment [11.27 ± 3.56 (s.e.)] (t 

= 2.97 on 10 d.f.). 
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Figure 4.2. Percentage of infected tomato plants by aphid transmission of CMV4, (A) 

seven days after the single application of BTH (50 mg/L) () and water (), (B) five 

days after the first application of BTH (50 mg/L) () and water (). The short dash 

line represents the interval between aphid transmission and first sampling. The bars 

indicate ±s.d. 

 

 

4.2.3.3 Response of BTH treated tomato seedlings to mechanically inoculated 

TSWV 

For the experiment 1, with the mean time of four days between BTH treatment 

and virus inoculation, a t-test was carried out with the values of AUDPC/days. It was 

found that the AUDPC/days of TSWV inoculated control [45.60 ± 17.02 (s.e.)] was 

not significantly different (P = 0.594) from the respective one of BTH treated and 

TSWV inoculated plants [33.38 ± 13.45 (s.e.)] (t = 0.56 on 6 d.f.) (Figure 4.3, A). 

A B 
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For the experiment 2, with the meantime of seven days, at 8
th

 day post 

inoculation (dpi) only 25% of the BTH treated plants were infected when all untreated 

control plants were infected and at 19
th

 dpi the difference of the infected plants 

between the two treatments was reduced from 75% to 15% (Figure 4.3, B). The 

AUDPC/days of control [71.05 ± 2.15 (s.e.)] was significantly different (P = 0.009) 

from the respective one of BTH [41.45 ± 7.53 (s.e.)] (t = 3.78 on 6 d.f.). 

In the experiment 3 (Figure 4.3, C) at 8
th

 dpi a difference of 60% between the 

two treatments was observed and a t-test was carried out with this day’s values of the 

term dy/dt and it was found that dy of control [22.5 ± 2.5 (s.e.)] was significantly 

different (P = 0.017) from the respective one of BTH [10 ± 2.89 (s.e.)] (t = 3.27 on 6 

d.f.). Moreover, it was found that the AUDPC/days of control [62.67 ± 2.67 (s.e.)] 

was significantly higher (P = 0.005) than the respective one of BTH [41.33 ± 4.26 

(s.e.)] (t = 4.24 on 6 d.f.). 

 

 

4.2.3.4. Response of BTH treated tomato plants to mechanically inoculated PVY 

Only one experiment was performed and 8 dpi all plants were infected with 

PVY regardless of the treatment. So, there was not statistically significant difference 

between the infection rate of the BTH treated plants and the control ones. 
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Figure 4.3. Percentage of infected tomato plants mechanically inoculated with TSWV 

(A) four days after the application of BTH (50 mg/L) () and water (), (B) seven 

days after the single application of BTH (50 mg/L) () and water (), (C) seven days 

after the first application of BTH (50 mg/L) () and water (). The short dash line 

represents the interval between inoculation and first sampling. The bars indicate ±s.d.

A 

B 

C 
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4.2.4. Discussion of BTH antiviral effect 

As BTH stimulates plants to activate their natural defence mechanisms, treated 

plants could be protected from a broad spectrum of pathogens. Many studies have 

been performed to establish the efficacy of BTH in controlling diseases caused by 

fungi and bacteria in diverse plants. The available literature specifically for 

solanaceous crops against fungi (Friedrich et al., 1996; Benhamou and Belanger, 

1998; Inbar et al., 1998; Tally et al., 2000; Hennin et al., 2001; Matheron and 

Porchas, 2002; Perez et al., 2003; Achuo et al., 2004; Maölepsza, 2006) and bacteria 

(Cole, 1999; Louws et al., 2001; Romero et al., 2001; Abbasi et al., 2002; Buonaurio 

et al., 2002; Soylu et al., 2003; Obradovic et al., 2004; 2005; Abo-Elyousr et al., 

2008; Herman et al., 2008) is abundant. However, little is known about the ability of 

BTH to trigger SAR against different plant species and diverse virus diseases, as the 

main plant-pathogen interaction studied is tobacco-TSWV (Friedrich et al., 1996; 

Pappu et al., 2000; Csinos et al., 2001; Momol et al., 2001; 2004; Mandal et al., 

2007; 2008; Nischwitz et al., 2008). 

This study provides the first evidence of the possible antiviral effect of BTH 

against a Greek isolate of CMV (CMV4). The experiments conducted to clarify the 

efficacy of BTH against CMV4 suggest that this chemical plant activator could be 

valuable to tomato cultivation by helping virus control. 

Dicotyledonous crops have been demonstrated to require repeated applications 

of BTH to extend pathogen protection over time (Görlach et al., 1996; Cole, 1999; 

Morris et al., 1998; Louws et al., 2001; Romero et al., 2001). For instance, repeated 

applications of BTH were demanded for tobacco plants to acquire prolonged 

protection against early blight (Csinos et al., 2001), and for tomato plants against 

bacterial spot and bacterial speck (Louws et al., 2001). In the Laboratory of Virology 

at BPI, experiments were conducted in order to examine the effect of one or repeated 

applications on tomato plants of BTH to mechanically inoculated or aphid transmitted 

CMV4. Trials with only one BTH application and mechanical inoculation of CMV4 

had been carried out (Varveri, unpublished results) and it was shown that a week after 

virus inoculation the disease incidence in the treated plants was 50-70% lower than in 

the control ones. In the current study where BTH was applied at weekly intervals the 

difference between treated and control plants was multiple (85% the 22
nd

 dpi, Figure 

4.1). Moreover repeated BTH application was effective the first days against aphid 

transmitted CMV4 in tomato (Figure 4.2, B), whereas one application was totally 
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ineffective (Figure 4.2, A). Therefore, repeated applications of BTH as a foliar spray 

are more effective than single ones against CMV4 in tomato plants, regardless of the 

way the virus is transmitted. 

In contrast to these results, Anfoka (2000) showed that a single BTH treatment 

protected them against aphid transmission of CMY-Y. CMY-Y is a yellow strain of 

CMV, known to cause severe necrosis. It was then demonstrated that one BTH 

application to the roots of young tomato plants, as soil-drench, reduced the incidence 

and the severity of the disease. According to Friedrich et al. (1996), BTH is highly 

mobile in tobacco plants, and Anfoka (2000) concluded that BTH could translocate 

from the root system of tomato plants to the upper plant parts where certain SAR 

genes involved in the reduction of virus replication are activated. The different way of 

single BTH application might have affected its effectiveness. Moreover, Anfoka 

(2000) supposed that activation of SAR genes in BTH treated tomato plants might 

involve some modifications of the structure of the plasmodesmata, in such a way that 

virus movement from infected cells to the neighbouring cells is inhibited. The 

hypothesis that BTH could be effective against different strains of CMV in tomato 

plants either as a foliar spray or as a soil drench needs further experimentation. 

Mandal et al. (2008) demonstrated that treatment of tobacco with BTH 

activates high levels of resistance against a severe isolate of TSWV after mechanical 

inoculation. Tobacco plants were sprayed with increased quantities (0.25, 0.5, 1.0, 2.0 

and 4.0 g a.i. / 7,000 plants) of BTH and showed increased levels of SAR. The used 

concentration of BTH per plant in the current study was nearly the highest 

concentration used by Mandal et al. It is worth pointing out that in their experiment 

plants after BTH application were washed by spraying with water to move the BTH 

into the root zone. This is the second reference (Anfoka, 2000 was the first) for the 

transmission of BTH into plants through their root system, so BTH could be applied 

as a soil drench in agriculture, which may be easier than the foliar spray. 

Resistance induced by SAR agents requires an induction period that is an 

interval of time between application of the agent and the challenge with the pathogen. 

In most cases this interval was reported to lie between three and seven days. Hence, 

according to Mandal et al. (2008) five days should be allowed after the BTH 

treatment for inducing a high level of resistance in tobacco plants. Godard et al. 

(1999) and Soylu et al. (2003) showed that the best protection of cauliflower against 

downy mildew and tomato against Clavibacter michiganensis respectively was 
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obtained when BTH was applied three days before inoculation. In the current study 

using tomato seedlings the effect of the intervals of four or seven days between BTH 

application and mechanical inoculation of TSWV was examined. The best protection 

against TSWV disease was obtained when BTH was applied seven days before virus 

inoculation. Indeed, BTH was ineffective when the interval of time was four days 

(Figure 4.3, A), less than five days and more than three days that Mandal et al. 

Godard et al. (1999) and Soylu et al. (2003) had set as limit respectivelybut it was 

effective when the interval was seven days irrespective of the number of BTH 

applications (Figures 4.3 B and C). Resende et al. (2002), however, found that in 

cocoa plants BTH needed a longer interval period (of about 15-30 days) for 

development of resistance against Verticillium wilt inoculation. 

This result showed that apart from the number of BTH applications, the 

incubation period that BTH needs to bring about SAR, plays also an important role in 

tomato plants. 

There were observations that tomato seedlings treated with BTH were smaller 

than nontreated plants in greenhouse experiments (Louws et al., 2001). This fact was 

also noted in current experiments with tomato seedlings. Furthermore, the plant 

growth reduction due to BTH treatment was reproduced, and assessed as well, in two 

other experiments (described in chapter 6) with cultivation of tomato plants leading to 

fruit production. Although BTH is capable of suppressing CMV and TSWV in tomato 

plants, stunting caused by BTH could be an issue. Mandal et al. (2008) used 

gibberellic acid in combination with BTH and reduced the stunting caused by BTH. 

Moreover, Pappu et al. (2000) tested thrips transmission of TSWV in field 

trials under foliar applications of BTH singly or in combination with another plant 

activator, imidacloprid. The results showed that BTH significantly reduced final 

disease incidence in two out of four trials and when both compounds were applied 

significant reduction in incidence occurred at three out of four trials. So BTH may be 

more effective when it is used in combination with other compounds that induce plant 

defence mechanisms. 

Taking together the above results of Pappu and Mandal it emerges that it may 

be possible to apply BTH with other elicitor cocktails that induce on the one hand a 

balance of defences (regulated by SA, jasmonic acid, ethylene, or other regulators) 

against specific pests or complexes of threats, and on the other hand a balance of plant 

growth as regards the BTH induced stunting. 
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Regarding the efficacy of BTH against PVY there is no previous work 

examining BTH and this virus. In the experiment of this study, BTH was ineffective 

against this virus. This could be due to the fact that PVY was able to thwart host 

defences or because tomato lacked the capacity to initiate defences against this 

pathogen, or because of lack of efficacy of BTH. This result suggests that the 

protective effects of BTH against pathogens in general, and viruses in particular, 

cannot be taken for granted and that its effect on a particular crop and pathogen 

should be independently evaluated. 
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4.3 Examination of possible antiviral effect of pyraclostrobin on 

tomato seedlings 

 

4.3.1 Experimental design and statistical analysis 

The possible antiviral activity of pyraclostrobin (0.8 mL/L) was examined 

against CMV (mechanically inoculated or aphid transmitted) and PVY (mechanically 

inoculated). The experimental design of each case is presented separately below. Each 

experiment had two treatments (a) pyraclostrobin (formulation F500) treated and virus 

inoculated plants (either by mechanical inoculation or by aphid transmission) and (b) 

virus inoculated (in the same way) plants as the control. 

The statistical analysis was performed as described in section 4.2.2 by 

analyzing data of AUDPC values and/or dy/dt, using GENSTAT for Windows version 

8.1. 

 

4.3.1.1 Examination of CMV mechanical inoculation in pyraclostrobin treated 

tomato seedlings 

Three experiments were carried out with CMV4 isolate under different 

inoculum pressures. In experiment 1, 20 plants (4 replications × 5 plants) were used 

per treatment and virus inoculation was applied only on cotyledons (low inoculum 

pressure). In experiment 2, 30 plants (6 replications × 5 plants) and in experiment 3, 

27 plants (9 replications × 3 plants) were used per treatment and virus inoculation was 

applied on cotyledons and the first true leaf (high inoculum pressure). Samplings were 

performed at intervals of three or four days and ELISA analysis of all samples 

followed. 

 

4.3.1.2 Examination of CMV aphid transmission in pyraclostrobin treated 

tomato seedlings 

Three experiments were conducted. Experiments 1 and 2 were carried out 

using the CMV4 isolate. Fifteen plants were used for each treatment (3 replications × 

5 plants) with 10 aphids per plant. Samplings were performed after aphid-virus 

transmission and were followed by ELISA analysis. 
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The experiment 3 was carried out using the CMV50 isolate, a more recent 

field isolate in order to achieve better aphid transmission rates, with 20 plants for each 

treatment (4 replications × 5 plants) and 8 aphids per plant. 

 

4.3.1.3. Examination of PVY mechanical inoculation in pyraclostrobin treated 

tomato seedlings 

Three experiments were performed with 20 plants for each treatment (4 

replications × 5 plants) and virus inoculation was applied only on cotyledons. Two 

PVY isolates, namely PVY69 (for experiments 1 and 2) and PVY1 (for experiment 

3), were used to evaluate the differential response of pyraclostrobin treated plants to 

different strains. 

 

 

4.3.2 Results 

 

4.3.2.1 Response of pyraclostrobin treated tomato seedlings to mechanically 

inoculated CMV 

In the experiment 1 (Figure 4.4) under low inoculum pressure (inoculation of 

cotyledons) a relatively lower infection levels of pyraclostrobin treated plants 

compared to the control were observed. However, the t-test on the AUDPCs (up to the 

day 10) values showed that the AUDPC of control [150 ± 44 (s.e.)] was not 

significantly different (P = 0.360) to the respective one of pyraclostrobin [90 ± 41 

(s.e.)] (t = 0.99 on 6 d.f.), although differences in absolute values were evident. This 

happened probably because the experiment showed high variation within the 

replications. The same analysis was carried out with the square root transformation of 

disease incidence values of the tenth day which verified the aforementioned findings 

(P = 0.364) [control: 8 ± 1.3 and pyraclostrobin: 5.6 ± 2.1 (s.d.)] (t = 0.98 on 6 d.f.). 

In the experiments 2 and 3, under high inoculum pressure (inoculation of 

cotyledons and first true leaf) all pyraclostrobin treated plants were infected within a 

period of six days after inoculation and no significant slower disease development 

was obtained (data not shown). 
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Figure 4.4. Percentage of infected tomato plants mechanically inoculated with CMV4 

(under low inoculum dynamic), 24h after the first application of pyraclostrobin (0.8 

mL/L) () and water (). The short dash line represents the interval between 

inoculation and first sampling. The bars indicate ±s.d. 

 

 

4.3.2.2 Response of pyraclostrobin treated tomato seedlings to aphid transmitted 

CMV 

In the experiments where CMV4 isolate was used the following results were 

recorded. In the experiment 1 although slower disease development was observed in 

the pyraclostrobin treated plants (Figure 4.5, A), the variable response of plants 

within the same treatment was high resulting in no statistically significant differences 

between treated and untreated control plants. The statistical analysis showed that the 

AUDPC value of the control [50.12 ± 11.1 (s.d.)] was not significantly different (P = 

0.296) to that of pyraclostrobin [29.87 ± 12.7 (s.d.)] (t = 1.20 on 4 d.f.). In the 

experiment 2 also there was not statistically significant difference between the two 

treatments (Figure 4.5, B). 

Similarly, in the experiment 3 no significant differences were obtained with 

CMV50 isolate. In this case the t-test was carried out with the values of the apparent 

infection rate (dy/dt: slope of line) for the period of the first week. It was found that 

the rate of the control [8.57 ± 1.17 (s.d.)] was not significantly different (P = 0.620) to 

that of pyraclostrobin [7.14 ± 2.47 (s.d.)] (t = 0.52 on 6 d.f.). 
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Figure 4.5 A and B. Percentage of infected tomato plants by aphid transmission of 

CMV4, 24h after the first application of pyraclostrobin (0.8 mL/L) () and water (). 

The short dash line represents the interval between aphid transmission and first 

sampling. The bars indicate ±s.d. 

 

 

4.3.2.3 Response of pyraclostrobin treated tomato seedlings to mechanically 

inoculated PVY 

In the experiments where PVY69 isolate was used, pyraclostrobin treated 

plants showed a lower infection rate compared to the control in a period of six or 

seven days after inoculation. In the experiment 1 (Figure 4.6, A) the AUDPC value of 

the control [322.5 ± 35 (s.d.)] was found significantly higher (P = 0.017) than the 

respective one of F500 [235 ± 40.41 (s.d.)] (t = 3.27 on 6 d.f.). 

In the experiment 2 (Figure 4.6, B) similar results were obtained with the 

control plants [497.5 ± 17.5 (s.e.)] showing significantly higher disease progress 

curve than the pyraclostrobin treated plants [427.5 ± 17.5 (s.e.)] (t = 2.83 on 6 d.f.), (P 

= 0.03). 

On the contrary, in the experiment 3 where the PVY1 isolate was used, 

pyraclostrobin treated plants did not react differently to the virus compared to the 

untreated ones. 

 

 

 

 

A B 
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Figure 4.6 A and B. Percentage of infected tomato plants inoculated with PVY69, 

24h after the application of pyraclostrobin (0.8 mL/L) () and water (). The short 

dash line represents the interval between inoculation and first sampling. The bars 

indicate ±s.d. 

 

 

A B 
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4.3.3 Discussion of pyraclostrobin antiviral effect 

The strobilurin class of fungicides has a broad spectrum antifungal activity as 

it may control plant pathogenic fungi from all of their four classes: the Ascomycetes, 

Basidiomycetes, Deuteromycetes and Oomycetes (Bartlett et al., 2001). Especially for 

pyraclostrobin there was reference that in addition to direct antifungal activity, it may 

also prime plants for activation of subsequently pathogen induced defence responses. 

Indeed, Herms et al. (2002) demonstrated that pyraclostrobin enhanced the resistance 

of tobacco against TMV. Varveri et al. (2006) examined the effect of pyraclostrobin 

in tomato plants against mechanically inoculated CMV and TSWV. They observed 

lower disease incidence and slower development of CMV infection in pyraclostrobin 

treated plants, when inoculation with the virus was carried out 24 hours after 

pyraclostrobin application. However, there were no significant differences between 

the treated and untreated plants when TSWV was the pathogen. 

In the current study, as a continuation of the above work, new experiments 

were carried out in order to estimate the effect of pyraclostrobin against aphid 

transmitted CMV. Experiments were conducted using two CMV isolates, the CMV4, 

a well established isolate propagated in the greenhouse of BPI since 1995 , and the 

CMV50, a more recent field isolate (2007) in order to achieve better aphid 

transmission rates. It was shown that no significant differences in virus incidence 

were obtained between pyraclostrobin treated and untreated control plants for both 

isolates (Figures 4.5 A and B for CMV4). Moreover, repetition of the experiments 

conducted by Varveri et al. (2006) with mechanical CMV inoculation did not result in 

confirmation of the pre-mentioned results (Figure 4.4). 

The fact that the results obtained in 2006, leading to the conclusion that CMV 

development was delayed in tomato plants mechanically inoculated, were not 

reproduced in 2007 could be explained by the different seasons that the experiments 

were conducted (May-July 2006; July-November 2007) as all the other parameters 

were approximately the same. Although all the experiments were conducted in the 

same greenhouse of controlled environmental conditions, light quality and to some 

extent temperature were different at the different seasons. Moreover, season 

influences the physiological condition of the plants which react differently towards 

chemical stimulants of their defence system resulting in variability of disease 

resistance induction (Terry and Joyce, 2003; 2004). According to Koricheva et al. 
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(1998) and Terry and Joyce (2004) in resource rich environments growth process 

demands carbon for protein synthesis and reduces the availability of carbon skeletons 

for carbon-based secondary defence related compounds. So, although the necessary 

data to come to a conclusion are not available, it could be presumed that plants 

reacted better to pyraclostrobin during spring 2006 than summer 2007 due to the 

season difference. The influence of different cultivation seasons on tomato plant 

growth, CMV severity and a plant’s activator (BTH) effectiveness is discussed in 

chapter 6, based on two experiments which were conducted during winter and spring 

of two consecutive years. 

Herms et al. reported that pyraclostrobin failed to induce resistance against 

PVY in tobacco cv. Xanthi (2002). In the current study, experiments were conducted 

in order to investigate the effect of pyraclostrobin against two isolates of PVY 

mechanically transmitted in tomato plants. Significant difference was obtained with 

one of them only for ten to eleven days after inoculation (Figures 4.6, A and B). This 

result denotes that pyraclostrobin seems to have an effect of delaying PVY disease 

development on tomato depending on the virus isolate. 

Furthermore, in this study, the spectrum of pyraclostrobin antiviral activity 

and the influence on virus multiplication and movement at very early stages of 

infection was studied using Tobacco rattle virus (TRV) in tobacco plants (data not 

shown). An infectious clone of an English isolate of TRV of reduced fitness (TRV-

PpK20) genetically modified to express the green fluorescent protein (GFP), emitting 

green fluorescence under UV light, was used to visualize the replication and the 

movement of the virus in the pyraclostrobin treated and untreated tobacco plants. 

During the first days after mechanical virus transmission, treated plants showed delay 

in virus local lesion expression, movement and replication. Finally, systemic infection 

occurred in 21% fewer plants of pyraclostrobin treatment than those of the untreated 

control. Additional experiments with a highly virulent Greek isolate (TRV-GR) and 

the English wild type (TRV-PpK20 not modified) strain were carried out, but no 

differences were observed between pyraclostrobin treated and untreated plants. 

According to all the above mentioned results, regarding the effect of 

pyraclostrobin against viruses, the overriding conclusion is that pyraclostrobin 

induced resistance may act against some host-virus isolate combinations under certain 

conditions. 
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Synoptically all the results of the experiments conducted to examine the 

antiviral effect of BTH and pyraclostrobin are presented in Table 4.1. 

 

Table 4.1. Effectiveness of BTH and pyraclostrobin against tomato viruses. 

               Virus 

 

Compound 

CMV TSWV PVY 

Aphid 

transmission 

Mechanical 

inoculation 

Mechanical 

inoculation 

Mechanical 

inoculation 

BTH ++ +++* +++ -** 

pyraclostrobin - - -*** + 

*+++, ++, +: difference between treatment and control >50%, 25-50%, 10-20% respectively, one week 

after the inoculation of viruses 

**-: no statistical significant differences were observed 

***-: Varveri, personal communication 
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4.4 General discussion of Benzothiadiazole and pyraclostrobin 

antiviral effect on tomato seedlings 

It is generally recognised that there is no viable control of plant viruses, except 

the preventive measures, yet these often are inadequate. Therefore, control of CMV 

remains a major problem, because it is very widespread, can infect many species of 

plants, tomato included, and is very efficiently and quickly spread by many species of 

aphids. Inducing NDR may be one long-term effective virus control measure, 

although it is not a stand-alone method for pest control, but another tool that will need 

to be further integrated into pest management systems. 

One form of NDR is SAR, the process of a distinct signal transduction 

pathway that plays an important role in the ability of plants to defend themselves 

against pathogens, mediated by accumulation of endogenous SA. The classic form of 

SAR can be triggered artificially with chemical compounds called “plant activators”, 

such as BTH. Benhamou and Bélanger (1998) were the first who demonstrated that 

BTH induces SAR in tomato plants. 

A plant defence strategy aimed at viruses could conceivably target any one or 

all of these processes: replication, trans-plasmodesmata movement or transport 

through the vasculature. Thus, according to Anfoka (2000), BTH may target the 

structure of plasmodesmata and reduce the rate of virus movement. Evidence is 

provided in this study that BTH treatment confers increased protection of tomato 

plants against infection by CMV or TSWV, though whether the induced resistance is 

directed to act against virus replication or movement has not been determined. 

Exogenous application of BTH to diverse plants has been shown to activate a 

number of SAR-associated genes, leading to enhanced plant protection against 

various pathogens (Friedrich et al 1996; Görlach et al., 1996; Lawton et al 1998). 

There are many references about the positive results of BTH in suppressing a wide 

range of diseases but there are also some references that demonstrate the 

ineffectiveness of BTH to induce resistance. Indeed, there are some studies stating 

that BTH derivatives are relatively ineffective in some plant-pathogen systems and/or 

environments. In the current study BTH was ineffective against PVY. This may be 

due to biological limitations hindering the practical use of BTH, such as the pathogen 

that may not respond to elicitors, the lapse of time between treatment and expression 

of resistance that occurs, the part of the plant that will be treated, or the growing 
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environment. Moreover, there may be side effects on growth or yield characteristics 

when BTH is used. 

In contrast to BTH, the strobilurin class of fungicides, with broad-spectrum 

activity against all four classes of plant pathogenetic fungi, has positive physiological 

effects on the plants, the so-called “greening effect”. This physiological effect makes 

plants treated with strobilurins look healthier than untreated plants, and improves crop 

production and quality, even in the absence of challenge by fungal pathogen attack. 

Herms et al. (2002) investigated whether strobilurins might enhance the 

capability of plants to ward off other pathogens other than fungi. They used 

pyraclostrobin, a relative new strobilurin fungicide, and reported an enhancement of 

TMV resistance not only in tobacco plants (N. tabacum cv. Xanthi nc) but also in 

nahG transgenic tobacco plants. In the same study in infiltrated leaves, pyraclostrobin 

did not cause the accumulation of SA-inducible PR-1 proteins that are often used as 

conventional molecular markers for SA-induced disease resistance, so Herms et al. 

concluded that pyraclostrobin enhanced TMV resistance in tobacco by functioning 

independently of SA. 

The fungicidal activity of the strobilurins lies in their ability to inhibit 

mitochondrial respiration by affecting the mitochodrial bc1 complex, thereby 

blocking electron transfer. Since the bc1 complex persists in all eucaryotae, at least 

one partial inhibition in the transportation of electrons must also be expected in plant 

cells after absorbing the strobilurin fungicides (Venancio et al., 2003). So strobilurin 

type fungicides may cause an increase in ROS with subsequent effect in movement 

and viral replication. 

The effect of pyraclostrobin in the production of potato plants cv. Agate 

infected by the viruses PVY or PVX was investigated by Geraldino et al. (2002) and 

it was shown that potato plants pyraclostrobin-treated and inoculated with PVY or 

PVX increased their production compared to the plants treated and not inoculated, and 

those not treated and not inoculated. This extraording result indicated a new 

alternative for the decrease of losses caused by viruses in the field. So, pyraclostrobin, 

in addition to exerting direct antifungal activity, might protect plants by priming them 

for potentiated activation of subsequently pathogen-induced cellular defence 

responses and more interestingly may improve crop production and quality. 

The results obtained from this study have given useful information about the 

antiviral effect of BTH and pyraclostrobin against Greek virus isolates in tomato 
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plants. In particular BTH showed to have an antiviral activity against CMV and 

TSWV, whereas pyraclostrobin was ineffective against these viruses, but effective 

against one PVY isolate during the immediate period after inoculation. So, from the 

examined compounds only BTH, the plant activator of SAR, seems to play an 

important role in the ability of tomato plants to defend themselves against different 

viruses. 

Thus far, the phenomenon of SAR has attracted much attention as a new 

strategy for controlling plant diseases, but there are many unresolved questions about 

the use of these kinds of chemical compounds, such as optimal timing and method of 

application on different crops, integration with other types of pesticide, and 

interactions with the physiology of the plant. Effective disease control strategies will 

come from a better understanding of disease and resistance. Newer and more effective 

elicitors of SAR will be developed, perhaps in part as the result of a growing 

understanding of the underlying mechanisms of these pathways within the plant. In 

the future, it may be possible to apply a combination of different elicitors, for instance 

BTH and pyraclostrobin, in order to succeed in solving both the problems of 

controlling various plant pathogens and having the best plant growth respectively. 

However, this future will require a shift in conventional agriculture away from the 

total reliance on pesticides to solve pest problems, and a concerted effort to manage 

pests as opposed to eliminating them. Hence, the control of crop pathogens should be 

based on IPM on an annual basis. 
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CHAPTER FIVE 

 

 

Impact of Cucumber mosaic virus (CMV) infection on quantity and 

quality traits of marketable tomato fruits 

 

5.1 Introduction 

On a worldwide scale, tomato (Solanum lycopersicum L.) continues to 

increase in importance for both fresh market and processed foods. CMV disease of 

greenhouse and field tomato frequently causes serious damage and remarkable 

economic losses. Especially for Greece, CMV epidemics, of various symptomatology 

on tomato, have occurred during the last decades (Varveri and Boutsika, 1999; 

Kyriakopoulou et al., 2000). It has been observed that severely diseased plants present 

typical filiformity of leaf blades, or shrinkage, or lethal necrosis, or tomato fruit 

necrosis, or small misshaped bumpy fruits (Bem 1989; Katis and Avgelis 1991; 

Kyriakopoulou et al., 1991; Conti et al., 1996; Varveri and Boutsika, 1999; 

Kyriakopoulou et al., 2000). However, there have been CMV infected tomato plants 

with mild symptoms, such as slight yellowing mosaic and mottling on leaves and few 

fruits with marketable external appearance, but internal browning or immature areas 

(Conti et al., 1996). This implies that fruits of CMV infected plants are frequently 

consumed. 

Apart from symptomatology of CMV on tomato fruits, there is no information 

on the morphological and biochemical changes in ripened tomato fruits of CMV 

infected plants and especially in marketable fruit. A study was conducted by 

Georgieva et al. (2000) to examine the metabolic changes in tomato fruits infected 

with CMV. It was found that the peroxidase and glucose-6-phoshate dehydrogenase 

activities were enhanced by CMV, which was presumed to be because the former 

enzyme is an important component of plant defence responses and the latter enzyme 

is related to de novo synthesis of the virus’ RNA. 

The aim of the present study was to elucidate the impact of infection with a 

Greek isolate of CMV, “CMV4”, on plant development, fruit size, quality and 

biochemical traits of visually attractive tomatoes of hybrid Delos. Specific emphasis 

was given to quantifying the concentration of some taste-related or health-related 
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compounds such as NSCs (fructose, glucose and sucrose), organic acids (ascorbic, 

citric and oxalic) and carotenoids (β-carotene and lycopene). It was also of interest to 

measure the total antioxidant capacity of tomatoes. 

 

5.2 Experimental design 

One experiment was performed (October 2008 – April 2009) to investigate the 

impact of a Greek isolate CMV4 on quantity and quality traits of tomato fruits, 

followed by two more, incorporating more treatments, described in chapter 6. 

Tomatoes of Delos hybrid were cultivated (October 2008 - April 2009) in two cabins 

of an insect-proof glasshouse at BPI (Figure 5.1). There were two treatments (CMV 

infected and healthy control plants) of 20 plants each. Plants of each treatment were 

grouped together and were divided equally between the two cabins. In the glasshouse 

of the Laboratory of Virology at BPI basically experiments with seedlings take place 

and there is lack of space due to the workbenches (Figure 5.2). So complexly 

randomised design could not be applied because adjacent plants touched each other 

(Figure 5.3) and CMV is mechanically transmitted. Other greenhouses at BPI, free 

from workbenches, could not be used because either they are not equipped with 

double doors and insect proof net, or they have not controlled conditions. 

Inoculation with CMV was carried out on the first true leaf of tomato 

seedlings. Fruits with CMV symptomatology were harvested but were not used for 

further analysis, as the purpose was to examine marketable fruits (Figure 5.4). The 

first three marketable ripened fruits which developed on different trusses (at the 

bottom, middle and top of the plant) were selected from each plant, therefore, sixty 

fruits were harvested from each treatment (n = 3 fruits × 20 replications of plants). All 

fruits were picked almost at the same red stage based on a colour classification map 

(Figure 5.5). According to this map the different maturity stages of each fruit were 

characterised by progressive numbers (from 1 to 12). Samples were harvested at the 

stage 9. ELISA test was conducted to determine the presence of the virus in fruits of 

CMV inoculated plants and then fruit samples of both treatments were prepared as 

mentioned in materials and methods in chapter 3 (described in section 3.5) in order to 

quantify their NSCs, organic acids and carotenoids contents by HPLC, and their 

antioxidant capacity using DPPH radical scavenging. 
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Figure 5.1. Ground plan of the glasshouse showing the tomato plants of the examined treatments arrangement (October 2008 - April 2009).
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Figure 5.2. View of the 2nd cabin of the glasshouse showing an early stage of tomato 

plants placed in the corridors among the workbenches (left corridor: CMV inoculated 

and infected plants, right corridor: healthy control plants). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. View of the 1
st
 cabin of the glasshouse showing adjacent tomato plants 

touched each other due to lack of space (left corridor: healthy control plants, right 

corridor: CMV inoculated and infected plants). 
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Figure 5.4. Hybrid Delos tomato fruits of CMV4 infected plant, showing 

unmarketable fruit that was not used for further analysis (left) and fruit with attractive 

appearance that was selected (right). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Samples were harvested at stage 9 based on this colour classification map. 
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5.3 Results 

 

5.3.1 Physical assessments 

 

5.3.1.1 Plant morphology 

After the CMV4 mechanical inoculation was carried out, the plant height and 

the leaf number were recorded about twice a week for the 40 individual plants, until 

topping. Plant development was significantly different between the two treatments as 

is shown on Figures 5.6 and 5.7. Plants of both treatments were at or near the same 

height until 39 dpi. Subsequently, the growth rate of CMV infected plants 

progressively declined over an 11 day period to reach a statistically significant 

difference at 50
th

 dpi compared to the healthy controls. The significant difference was 

maintained till the end of the experiment. CMV4 caused leaf yellow mosaic 

symptoms (Figure 5.8), leaflet size reduction and, in a small percentage, downward 

curling of expanding leaves was observed. But the emergence rate of leaves was 

almost the same for both treatments (Figure 5.9). Therefore, plants of CMV treatment 

were stunted with shorter internodes than healthy controls (Figure 5.7). The stem 

diameter was measured at three different points, at the bottom (50 cm), middle (130 

cm) and top (210 cm), of each plant and results are presented in Table 5.1. Stem 

diameter of healthy control plants was significantly thicker than that of CMV infected 

plants in all measurements. 

 

 

Table 5.1. Effect of CMV4 infection on stem diameter of hybrid Delos tomato plants 

measured at three different points, at bottom (50 cm), middle (130 cm) and top (210 cm). 

Stem length (cm) 
Stem diameter (mm) 

Healthy control CMV4 

  50   11.5 (±0.6)

  a


  10.0  (±0.5)  b 

130 12.8 (±0.5)   a  10.9  (±0.5)  b 

210 10.7 (±0.5)   a    9.2  (±0.5)  b 

Numbers in brackets indicate the s.d. of 20 plants 


Different letters within lines indicate significantly different values (P < 0.05) 
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Figure 5.6. The plant height (cm) of CMV4 infected () and healthy control () 

tomato plants after the inoculation. The bars represent the s.d. of 20 plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Hybrid Delos tomato plants of healthy control treatment (left) and CMV4 

treatment (right). CMV infected plants were stunted with shorter internodes compared 

to controls. 

 
Control CMV 
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Figure 5.8. Yellow mosaic symptoms on CMV4 infected Delos hybrid tomato leaf. 
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Figure 5.9. The leaf number of CMV4 infected () and healthy control () tomato 

plants after the inoculation. The bars represent the s.d. of 20 plants. 
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5.3.1.2 Fruit morphology and production 

Fruits of CMV4 infected plants were smaller compared to healthy control and 

some of them (nearly 27%) had symptoms. The characteristic symptom of the Greek 

CMV4 isolate on hybrid Delos tomatoes was yellow bumps on their surface (Figure 

5.4) which made them unmarketable. 

In order to estimate the effect of CMV4 infection on tomato production of 

hybrid Delos all ripened detached fruits (marketable and not) were recorded and 

weighed with calyx. Fruits were harvested at about the same maturity stage based on 

their external colour and according to the colour classification map (Figure 5.5). The 

overall (including sample fruits) fruit number, crop weight and mean fruit weight are 

presented in Table 5.2. Although the 20 plants of both treatments produced in total 

almost the same fruit number (~300, the CMV treatment production being slightly 

increased) the CMV treatment presented a reduction by 24% in total crop weight and 

25.6% in the mean fruit weight. Taking into account only the marketable fruits of 

CMV treatment the reduction in fruit number came up to 25.6%, in total crop weight 

to 40.7%, and in mean fruit weight to 20.4% compared to healthy control. 

 

 

Table 5.2. Effect of CMV4 infection on tomato production of hybrid Delos, 

expressed as number, total weight and mean weight of ripen fruits. 

Treatment 

(20 plants) 

Number of 

ripe fruits 

Total weight of 

yield (kg) 

Mean weight of ripe 

fruits (g) 

Control 305 55.0  180.2   ( 25)

 

CMV (all fruits) 312 41.8 134.0   ( 25) 

CMV (marketable fruits) 227 32.6 143.5   ( 25) 

Numbers in brackets indicate the s.d. of 305, 312 and 227 fruits for healthy control, all CMV fruits 

and marketable CMV fruits respectively 

 

 

DAA was monitored and showed that fruit maturation was significantly slower 

under CMV infection. Fruits from infected plants needed more than 59 DAA in order 

to ripe and get the same red colour as healthy control fruits, which needed less than 55 

DAA (Table 5.3). The fruit position on the plant independently of treatment, also, 

affected the DAA, as the primary fruit needed nearly one more day to become ripe 

compared to secondary and tertiary fruits (Table 5.4). The interaction between 
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treatment and fruit position showed significant differences in DAA as presented in 

Table 5.5. From the data it is obvious that the difference in DAA regarding fruit 

position was only observed on healthy control plants. 

In both treatments the dry matter of pericarp was 5.9% (Table 5.3). In fruit 

samples of CMV infected plants the fresh weight, either with or without calyx, was 

reduced by 24% and the fresh weight of calyx was reduced by 18.5% versus healthy 

control samples. Mean weight of tomato fruit samples (201.7 g healthy control, 153.3 

g fruit of infected plant) was also increased compared to mean weight of all fruits 

(180.2 g healthy control, 143.5 g marketable fruit of infected plant). This happened 

because samples consisted of the first fruits developed on different trusses, and these 

fruits as usual, were bigger compared to the rest. To obtain information on the 

variation in fruit size of the treatments the diameter, the height and the perimeter of 

each sample fruit were recorded and significant differences in all measurements were 

observed (Table 5.7). Generally, fruits of CMV infected plants were considerably 

smaller than healthy control fruits as depicted in Figure 5.10. In particular, they had 

11.2% smaller diameter, 10.6% height and 9.3% perimeter compared to healthy 

control. The fruit density of samples was calculated and it was found that the fruit 

density of infected plants was significantly increased by 7.6% (Table 5.7). 

Independent of treatment, fruit position resulted in differences in the calyx fresh 

weight, fruit diameter and density as presented in Table 5.4. According to 

Spearman’s rank correlations there was a high correlation coefficient (r
2
 > 0.9, P < 

0.05) between perimeter-fruit weight and perimeter-diameter as is shown in Table 

5.6. 

 

 

Table 5.3. Effect of CMV4 infection on days after anthesis (DAA) and DW as a 

proportion of FW (DW/FW) of hybrid Delos tomato fruits. 

 

Treatment 

DAA 

(days) 

DW/FW of 

pericarp 

Control    54.9     (a)

    0.059    (a) 

CMV infected plant    59.2     (b)    0.059    (a) 

LSD (P < 0.05)      0.3    0.001 

Different letters in brackets within columns indicate significantly different values (P < 0.05) 
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Table 5.4. Effect of the fruit position on DAA, calyx weight and some morphological 

characteristics in tomato fruit of hybrid Delos independent of treatment. 

  DAA  Calyx fresh weight Diameter Density 

Fruit  (days)  (g) (cm) (g cm
-3

) 

1 (bottom)     57.7    (a)

           0.9      (a)     7.4    (a)   1.1     (a) 

2 (middle)     56.9    (b)           0.8      (b)     7.1    (ab)   1.2     (b) 

3 (top)     56.6    (b)           0.8      (b)     6.9    (b)   1.2     (b) 

LSD (P=0.05)       0.3           0.06     0.2   0.04 

Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 

 

Table 5.5. Effect of the interaction of treatment and fruit position on DAA of hybrid 

Delos tomato fruits. 

            Fruit position 

Treatment      

       1                          2                         3 

DAA (days) 

Control   56.0   (b)

  54.8   (a)   53.9   (a) 

CMV   59.4   (c)  59.1   (c)   59.2   (c) 

LSD (P=0.05)      0.5  

              

Different letters in brackets indicate significantly different values (P < 0.05) 

 

 

 

Table 5.6. Spearman’s rank correlation coefficient on fruit weight and morphological 

characteristics (P < 0.05). 

 Diameter Perimeter 

Weight with calyx 0.87
*
 0.96 

Weight without calyx 0.87 0.96 

Height 0.75 < 0.6 

Perimeter 0.92 < 0.6 
*
Value > 0.6 and close to 1 means good correlation between the two elements 
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Figure 5.10. Tomato samples of hybrid Delos harvested from healthy control and 

CMV4 infected plant. Fruits of CMV infected plants were considerably smaller than 

healthy control fruits. 

Control CMV 

 

 

Control CMV 
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Table 5.7. Effect of CMV4 infection on weight, morphological characteristics and density of tomato fruit of hybrid Delos. 

 Fresh weight with 

calyx 

Fresh weight 

without calyx 

Calyx fresh 

weight 

Diameter Height Perimeter Fruit density 

Treatment (g) (g) (g) (cm) (cm) (cm) (g cm
-3

) 

Control   201.7    (a)

   200.8    (a)   0.89    (a)  7.54    (a)  5.91    (a) 24.43    (a)   1.14    (a) 

CMV infected plant   153.3    (b)   152.5    (b)   0.73    (b)  6.69    (b)  5.28    (b) 22.1     (b)   1.22    (b) 

LSD (P < 0.05)       8.8       8.8   0.05  0.15  0.12   0.44 0.03 

Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 



99 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

5.3.2 Biochemical assessments 

 

5.3.2.1 ELISA 

Results of ELISA tests referring to CMV inoculated plants are presented in 

Table 5.8. It was observed that 21 dpi only 10% (2/20) of plants were infected in 

new, fully expanded leaves and within 25 dpi all plants were infected. This result was 

verified for 46 dpi. An ELISA test was carried out 61 dpi on samples from three 

different parts of each plant (top, middle and bottom) and it was found that 20% 

(4/20) of plants showed recovery, as the virus was not detected in their uppermost 

leaves, although it was detected in the other two plant parts. The last ELISA test (100 

dpi) indicated that 45% (9/20) of plants showed recovery in their newly emerged 

leaves. 

 

 

Table 5.8. Percentage of CMV infected tomato plants according to ELISA tests. 

 % infected plants 

 Examined part of plant 

dpi top middle bottom 

  21    10%  (2/20)

   

  25  100%  (20/20)   

  34  100%   

  46  100%   

  61    80%  (16/20) 100% 100% 

100    55%  (11/20) 100%  

                  
Numbers in brackets indicate the number of infected plants divided to inoculated plants 

 

 

Regarding the fruit samples ELISA tests showed that CMV could not be 

detected in 25% (15/60) of them. In particular, all three selected fruits were found 

ELISA positive in 45% (9/20) of plants, two out of three fruits were infected in 35% 

(7/20) of plants and only one fruit was positive in 20% (4/20) of plants. For this 

reason fruits of CMV treatment are not denominated CMV infected fruits, but fruits of 

CMV infected plants. 
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5.3.2.2 Non-structural carbohydrates 

Three different columns were tried in order to aquire the chromatogram with 

the best separation (Figure 5.11). The Figure 5.12 shows HPLC chromatograms of a 

representative tomato sample of each treatment. As depicted in the chromatograms the 

retention times for sucrose, glucose and fructose were approximately 9.3, 11 and 13.7 

min, respectively. 

Sucrose in almost all fruits from CMV infected plants was at low but 

detectable quantities (irrespective of the actual virus presence in the fruit) while in 

healthy control fruits sucrose was below the limit of detection. Thus, the findings of 

sucrose are underpinned with the counts of values below quantification limit per 60 

fruit measured (healthy control n = 32; CMV infected plants n = 1). With this 

assumption, sucrose was 2.3-fold higher on a DW basis and 2.1-fold on a FW basis in 

fruits from infected plants as compared to tomatoes from healthy control plants 

(Table 5.9). 

Fructose was also significantly higher on a DW (8.06%) and FW (8.17%) 

basis in fruits of infected plants than for healthy control fruit. Glucose was slightly 

increased in fruits from CMV infected plants, but there was no significant difference 

between the two treatments. Although total sugars were significantly increased on 

DW basis in fruits from infected plants compared with healthy control, on FW basis 

there was no difference (Table 5.9). Significant Spearman’s rank correlations were 

observed between fructose and glucose with a high coefficient of correlation (Table 

5.10). 
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Table 5.9. Effect of CMV4 infection on the concentration of sucrose, fructose, glucose, ascorbic, citric, oxalic acid, lycopene and β-carotene and 

the antioxidant capacity of marketable tomato fruit of hybrid Delos, expressed per dry weight (DW) and per fresh weight (FW). 

   Sucrose Fructose Glucose Total 

sugars 

 Ascorbic 

acid 

Citric acid Oxalic 

acid 

 Lycopene β-carotene  Antioxidant 

capacity 

 

Treatment  (mg g
-1

) (mg g
-1

) (mg g
-1

) (mg g
-1

)  (mg g
-1

) (mg g
-1

) (mg g
-1

)  (μg g
-1

) (μg g
-1

)  (μM TE/g)
***

 

D
W

 

Control  3.21   (a)

 177.5    (a) 165.9     (a) 346.6     (a)  4.78       (a) 80.7      (a) 10.13    (a)  1054      (a) 28.40    (a)  34.25     (a) 

CMV infected 

plant 

 
7.39   (b) 191.8    (b) 169.4     (a) 368.0     (b)  5.33       (b) 87.7      (b) 10.33    (a)  1148      (a) 32.27    (b)  39.88     (b) 

LSD (P < 0.05) 0.57     4.2     3.9 7.7  0.16   2.4   0.32     50.8   1.56    1.19 

F
W

 

Control  0.19 (a)


  10.52   (a)     9.85   (a) 20.57   (a)  0.285     (a)   4.77  (a)   0.60  (a)     62.2    (a)   1.68  (a)    2.03   (a) 

CMV infected 

plant 

 
0.41  (b)  11.38   (b)     9.94   (a) 21.73   (a)  0.314     (b)   5.16  (b)   0.61  (a)     67.6    (a)   1.87  (b)    2.36   (b) 

LSD (P < 0.05) 0.04    0.36     0.36    0.71  0.012   0.16   0.03       3.1   0.08    0.08 

Different letters in brackets within columns referred to DW indicate significantly different values (P < 0.05) 


Different letters in brackets within columns referred to FW indicate significantly different values (P < 0.05) 

***
Results expressed as μM Trolox equivalents (μM TE/g DW or FW) 

 

 

 

Table 5.10. Spearman’s rank correlation coefficient on fructose, glucose and DW/FW (P < 0.05). 

 Fructose DW Fructose FW DW/FW 

Glucose DW 0.68
*
 0.67 < 0.6 

Glucose FW < 0.6 0.89 0.77 

Fructose FW < 0.6 < 0.6 0.66 
*
Value > 0.6 and close to 1 means good correlation between the two elements 
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Figure 5.11. Comparison of HPLC chromatograms of a nonstructural carbohydrates 

(NSCs) standard mixture solution injected onto different columns, which separate the 

NSCs in different directions. A: Fructose and glucose peaks have uneven curves 

(Waters carbohydrate Alltech column of 250 × 4.6 mm diameter, Part No. 35101),  

B: Fructose and sucrose peaks have uneven curves (Waters carbohydrate analysis 

column of 300 × 3.9 mm diameter and 10 μm particle size, Part No. WAT084038),  

C: Chromatogram with the best separation and curves of sucrose, glucose and 

fructose [Rezex RCM monosaccharide Ca
+
 (8%) column of 300 × 7.8 mm diameter 

and 8 μm particle size, Phenomenex, Part No. 00H-0130-K0]. 

 

 

A 
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Figure 5.12. HPLC chromatograms of the nonstructural carbohydrates (NSCs) profile 

of tomato representative sample fruit solution derived from (A) healthy control plant 

and from (B) CMV inoculated and infected plant. The first peak in chromatograms of 

both treatments was not identified. 

 

 

 

A 
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5.3.2.3 Organic acids 

Many compounds were detected in tomato sample extracts as illustrated in 

Figure 5.13 (B and C), but only three organic acids (oxalic, ascorbic and citric) could 

accurately be identified and quantified using retention times and spectral data (Figure 

5.14) obtained from different tested standards (oxalic, tartaric, malic, ascorbic, citric, 

maleic, succinic, fumaric, pyruvic). Figure 5.13 (A) presents the HPLC 

chromatogram of the organic acids standard mixture solution, consisted of oxalic, 

tartaric, malic ascorbic and citric acids that were used for calibration. According to 

chromatograms of the standard and those of tomato samples of both treatments 

(Figure 5.13 A, B and C) the retention times for oxalic, ascorbic and citric acids were 

approximately 2.7, 4.4 and 6.5 min, respectively. 

Oxalic acid concentration on both DW and FW basis was not significantly 

affected by CMV infection. Ascorbic and citric acids were both significantly higher in 

fruits of plants infected with CMV than healthy controls. Ascorbic acid was 11.4% on 

DW basis and 10.4% on FW basis higher compared to healthy control fruit and citric 

was 8.7% and 8.1% higher, respectively (Table 5.9). Moreover, the concentration of 

ascorbic acid presented significant difference regarding the fruit position on the plant, 

independent of CMV treatment. In primary fruits ascorbic acid was significantly 

lower than that for secondary (by 10.4% FW, 12.5% DW) and tertiary (by 12.5% FW, 

13.3% DW) fruits. Concentration of ascorbic acid in fruits from middle and top of 

plant did not differ (Table 5.11). 

 

 

 

Table 5.11. Effect of the fruit position on the concentration of ascorbic acid and β-

carotene in tomato fruit of hybrid Delos, independent of treatment. 

Fruit   Ascorbic acid Ascorbic acid   β-carotene  

(40 replicates)  (mg g
-1

) DW (mg g
-1

) FW  (μg g
-1

) FW 

1 (bottom)   4.70      (a)

   0.28      (a)    1.63     (a) 

2 (middle)   5.18      (b)   0.31      (b)    1.78     (ab) 

3 (top)   5.28      (b)   0.31      (b)    1.91     (b) 

LSD (P=0.05)  0.20   0.01    0.10 

Different letters in brackets within columns indicate significantly different values (P < 0.05) 
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Figure 5.13. HPLC chromatograms of (A) organic acids standard mixture solution 

and the organic acids profile of tomato representative sample fruit solution derived 

from (B) healthy control plant and from (C) CMV inoculated and infected plant. Only 

oxalic, ascorbic and citric acids of tomato sample solutions were accurately identified 

using retention times and spectral data. 
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Figure 5.14. The spectra of peaks correspond to (A) oxalic, (B) citric and (C) 

ascorbic standards. (D) The spectrum of dehydroascorbic acid (DHA), the oxidized 

form of ascorbic, which on purpose was avoided to be co-eluted with it resulting in 

false measurement of ascorbic acid content. 
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5.3.2.4 Carotenoids 

The modified method used for carotenoids quantification was tested for 

reproducibility and repeatability by running the standard and the same tomato sample 

solution six times on two consecutive days, respectively. Figure 5.15 illustrates the 

result of the overlaid chromatograms of the tomato sample and shows the 

reproducible retention times and the almost identical peak areas of measurements. As 

shown in Figure 5.16, (A) for the standard, (B and C) for the tomato samples, the 

lycopene content was detected at 472.4 nm, while the β-carotene at 452.4 nm, because 

they present disparity in their absorption coefficient. Tomato samples of both 

treatments presented three peaks, two of which were identified based on comparison 

of their absorbance spectra (Figure 5.17) to the known lycopene and β-carotene 

standards (Figure 5.16, A). Moreover, the retention time of examined carotenoids 

was considered, which was at about 6.5 min for trans-lycopene and 6.8 min for β-

carotene. 

The trans-lycopene content of tomato pericarp was not found to be different 

between the two treatments on both DW (1054 μg g
-1

 for healthy control and 1148 μg 

g
-1

 for fruits of CMV infected plants) and FW (62.2 μg g
-1

, 67.6 μg g
-1

 respectively) 

basis. Although β-carotene was detected in trace amounts, it was significantly higher 

by as much as 13.6% in DW and 11.5% in FW in fruits of CMV treated plants versus 

to healthy control fruits (Table 5.9). Regardless of CMV infection there was a spatial 

difference for β-carotene on FW basis since β-carotene content tended to be higher on 

fruits derived from the upper parts of plant (Table 5.11). 

 

5.3.2.5 Antioxidant capacity 

Tomato antioxidant capacity measured using the DPPH radical scavenging 

was enhanced under CMV infection. Fruits of CMV infected plants presented on FW 

basis 16.4% and on DW basis 16.3% more antioxidant capacity than healthy control 

(Table 5.9). 
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Figure 5.15. The overlaid chromatograms of the carotenoids profile of the same 

tomato sample measured six times repeatable, two consecutive days (A: 7/7/2009 and 

B: 8/7/2009). The insert tables show the peak areas as concerns β-carotene, trans and 

cis-lycopene, which were almost identical. The mean values of the six measurements 

are recorded in the last yellow marked line. 
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Figure 5.16. HPLC chromatograms of (A) trans-lycopene (measured at 472.4 nm) 

and β-carotene (measured at 452.4 nm) standard mixture solution and the carotenoids 

profile of tomato representative sample fruit solution derived from (B) healthy control 

plant and from (C) CMV inoculated and infected plant. The inserts in panel (A) 

represent the spectra peaks of β-carotene and lycopene standards. 
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Figure 5.17. The spectral characteristics of β-carotene (blue line), trans-lycopene (red 

line) and cis-lycopene (green line) of tomato sample extracted with 100% acetone. 
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5.4 Discussion 

 

5.4.1 Impact of CMV4 infection on tomato plants and fruit production of 

hybrid Delos 

Tomatoes are a significant source of supplementary diet and also present high 

economic value as they are the second most consumed fresh produce type worldwide. 

On the other hand, CMV is a pathogen of special importance which causes severe 

economic losses in the tomato crop. Although, there are many references about CMV 

symptomatology on tomato plant and fruits (MacNab et al., 1983; Bem 1989, Katis 

and Avgelis 1991; Kyriakopoulou et al., 1991; Conti et al., 1996; Šutić et al., 1999; 

Varveri and Boutsika, 1999; Cerkauskas, 2004; Zitter and Murphy, 2009) there is no 

published information on the impact of CMV infection on the quantity and quality 

traits of tomato fruits. This is the first piece of research exhibiting the effect of CMV 

and especially of a Greek CMV isolate, “CMV4”, on plant development and on 

physical and chemical characteristics of visually attractive tomato fruits of hybrid 

Delos. 

This specific CMV isolate caused symptoms both on fruits and on the 

vegetative tomato plant parts of hybrid Delos, including fruit yellow bumps areas 

(Figure 5.4, left fruit), leaf size reduction, curling downward and yellow and green 

mosaic symptoms (Figure 5.8). Some plants showed severe symptoms and were 

stunted with shorter internodes and weak stems, while other were less affected 

(Figure 5.7). Miteva et al. (2005) also demonstrated that CMV infection had a 

negative effect on tomato plants by limiting the growth of their stems. At about 60 dpi 

the new leaves of some plants appeared normal and symptomless. ELISA was 

conducted in three different parts of each plant (top, middle and bottom) and was 

found that some plants showed recovery in their uppermost leaves (Table 5.8). The 

present results are in line with references which have reported that CMV symptoms 

can be transitory, that is, often the leaves on one portion of the plant show severe 

symptoms (extremely distorted and malformed leaves), while other leaves are less 

affected or appear normal (Zitter and Murphy, 2009; Kyriakopoulou personal 

communication). 

The effect of CMV infection on stem diameter followed the same trend in the 

three measurements, with infected plants having significantly thinner stems than 
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healthy control plants (Table 5.1). This fact was in agreement with tomato plants 

singly and mixed infected with PVX and TMV, where in all cases healthy plants had 

the thickest stem diameter (Balogun, 2009). 

The number of ripened fruits produced by the two treatments was almost the 

same (slightly increased in CMV4 infected plants) (Table 5.2). In contrast to 

statements that CMV infected plants produce fewer fruits (Conti et al., 1996; Šutić et 

al., 1999; Cerkauskas, 2004; Agrios, 2005) this result was reproduced in two more 

experiments following this one using the same CMV isolate and tomato hybrid. 

Although, the leaf-to-fruit ratio was almost the same, the fruit mean weight was 

decreased by 26% in CMV infected plants, hence the total yield per treatment 

(expressed as kg/treatment) was 24% less under CMV pressure. Considering that 27% 

of the fruit had symptoms, the reduction in marketable fruit yield production 

increased to 40.7%. This is in agreement with many reports which have stated that 

CMV infected plants produce smaller fruits (Conti et al., 1996; Cerkauskas, 2004; 

Agrios, 2005; Malathrakis, 2007). 

Biotic stress, which could be caused by viral infection, may reduce crop yield 

because it affects the photosynthesis process (Nogués et al. 2002; Zhou et al. 2004; 

Funayama-Noguchi and Terashima 2006; Song et al., 2009). It is known that 

photosynthetic and respiratory electron transport chains are the main energy-

transducing processes in eukaryotic organisms (Song et al., 2009). Several studies 

have evidenced that plant virus infection decreased their photosynthetic rate (van 

Kooten et al. 1990; Balachandran et al., 1997; Rahoutei et al. 2000). Moreover, Song 

et al. (2009) studied the photosynthetic electron transport in CMV infected tomato 

plants, and they found that electron transport chains in chloroplasts and mitochondria 

were disrupted and resulted in decreased photosynthesis (approximately by 60%) rate. 

In the current study, CMV infection detrimentally affected tomato fruit size (Figure 

5.10). There was no change in the leaf-to-fruit ratio between the two treatments as 

plants produced the same number of leaves (Figure 5.9) and fruits (Table 5.2). 

Notwithstanding this fact, CMV infection had repercussions on fruit yield. Therefore, 

the photosynthesis of CMV infected plants should be limited due to the lower leaf 

area, the downwards leaf curling and the prementioned alteration of the 

photosynthesis process. 

Many significant (P < 0.05) correlations were found with reference to fruit 

weight and morphology characteristics and this relationship was positive and 
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predictable (nearly all r
2
 > 0.87) (Table 5.6). No significant differences among and 

within used glasshouse cabins for quantity and quality measurements were found, 

whereas there were few spatial differences (Tables 5.4 and 5.11). 

 

5.4.2 Impact of CMV4 infection on the quality of tomato fruits of hybrid 

Delos 

The maturity stage of tomato fruits is harmonised according to their external 

colour. Fruits were selected on the basis of colour because tomato colour serves as a 

measure of total quality (Shi and Le Maguer, 2000), and also has a strong influence 

on the buying behaviour of consumers. In accordance with Zitter and Murphy (2009), 

CMV presence delayed fruit maturity. Fruits of CMV infection needed more than four 

days extra to get the same red colour as the healthy control (Table 5.3). After 

collecting representative fruit samples of each treatment, pericarp tissues were snap 

frozen in two hours to ensure that changes in compounds composition did not take 

place between collection and analysis, as tomato is a perishable product. 

No significant difference was found between the ratio DW/FW in fruits of 

CMV inoculated and non-inoculated plants. These data imply that any difference in 

measured compounds between the two treatments are not due to a dilution effect, as 

happened in water stress treatments of strawberry (Terry et al., 2007), but to a 

metabolism effect. According to Afeal et al., (1996) tomato plants infected with CMV 

did not show any change in their moisture content. Hence, CMV does not cause any 

difference in the percentage of dry weight for both fruit and tomato plant. 

As well as colour, the quality of tomato fruit is determined by a wide range of 

desirable characteristics such as nutritional value (total antioxidants, carotenoids and 

ascorbic acid), development of aroma and flavour (sugars and organic acids), texture 

and shelf-life. Many studies and reviews have dealt with organoleptic quality and 

compositional parameters in a lot of different tomato varieties (Hart and Scott, 1995; 

Wang et al., 1996; Ben-Amotz and Fishler, 1998; Arias et al., 2000; Baysal et al., 

2000; Raffo et al., 2002; Rotino et al., 2005; Olives Barba et al., 2006; Rodrígues-

Bernaldo de Quirós and Costa, 2006; Topal et al., 2006; Chang and Liu, 2007; 

Kortstee et al., 2007; Vermeir et al., 2007; Porcu and Rondriguez-Amaya, 2008; 

Hernández Suárez et al., 2008a,b; Toma et al., 2008; Choudhary et al., 2009; 

Odriozola-Serrano et al., 2009; Cámara et al., 2010; Luengwilai et al., 2010; Yin et 



114 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

al., 2010; Georgé et al., 2011). It is usual for the content of some tomato compounds 

to vary because their concentration may be affected by many factors such as variety, 

maturity, growing conditions, soil, light intensity, and season of the year (Hernández 

Suárez et al., 2008b; Georgé et al., 2011). Though studying all these references 

sometimes showed such wide differences that either the examined tomato varieties are 

totally different in nutrient content or, as according to Kimura and Rodriguez-Amaya 

(2002), analytical inaccuracies appear to be involved. 

 

5.4.2.1 Quantification of NSCs 

To examine the effect of CMV4 infection on sugar profile of hybrid Delos, 

sucrose, glucose and fructose were measured. Sucrose concentration showed a general 

trend to be below quantification limits in fruits of healthy control treatment and was 

underestimated, as zero, for 32 out of 60 samples. On the contrary, sucrose 

concentration of fruits from CMV infected plants was in low but detectable quantity, 

with only one sample non-detectable. Taking into account this fact, sucrose was 2.3-

fold higher on a DW basis and 2.1-fold on a FW basis in fruits of infected plants 

versus healthy control (Table 5.9). According to Landahl et al. (2009) these results 

should not be considered since most of the values were below quantification limit. 

Other authors, who studied the nutritional value of some tomato varieties, also noticed 

that sucrose was non-detectable (Raffo et al., 2002; Galiana-Balaguer et al., 2006; 

Vermeir et al., 2007). 

Fructose was significantly increased under CMV infection, while glucose did 

not differ between the two treatments. Total sugars concentration was higher on DW 

basis in fruits of infected plants than healthy controls, whereas on FW basis no 

difference occurred. Many reports have indicated that carbohydrate metabolism 

basically in source leaves is altered by viral infection. Afeal et al. (1996) 

demonstrated that reducing sugars were significantly increased in CMV infected 

tomato plants versus healthy controls. Herbers et al. (2000) showed that infection of 

tobacco plants with PVY led to accumulation of soluble sugars in leaves, probably 

due to the increased activity of cell wall invertase which inhibited sugar export. 

Moreover, a sharp increase in fructose and glucose concentrations was observed in 

CMV infected melon leaves, due to the increased demand for soluble sugars to 

maintain the high respiration rate, which then was accompanied by reduced soluble 

sugars accumulation (Shalitin and Wolf, 2000). Gil et al. (2011) indicated that the 
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changes in the sugar content in CMV infected plants were due to alteration in the 

metabolism and translocation of the assimilated carbohydrates. Indeed, the viruses are 

obligate intracellular parasites and use the plant host’s cells to replicate over a 

prolonged period of time. In addition, tissues of infected plants have increased 

nutrients demands due to the activation of defence responses (Herbers et al., 2000). 

Fructose, glucose and sucrose in sugar-beet, oats and carrot leaves were 

greatly increased, by infection with Beet yellows virus (BYV), Cereal yellow dwarf 

virus (CYDV) and Carrot motley dwarf virus (CMDV) respectively, but in petioles 

and roots of carrots fructose and glucose were decreased (Goodman et al., 1965). 

Gonçalves et al. (2005) proved an increase in sugar content in sugarcane leaves 

infected by Sugarcane yellow leaf virus (ScYLV), but a reduction in sucrose content 

in stalks. Furthermore, Islam et al. (2003) showed that overall sugar content was 

significantly reduced in tomato fruits infected with Tomato yellow leaf curl virus 

(TYLCV). So, the sugar content change in host metabolism is equivocal because 

different virus-host systems have been studied with conflicting results. Besides, it is 

difficult to come to a conclusion about the effect of viruses on physiology of fruits, 

since literature has a lack of information about carbohydrate content in fruits. 

Independent of CMV infection, fructose was the dominant sugar, but with 

similar mean content to glucose, which agrees with other references (Loiudice et al., 

1995; Islam et al., 1996; Hernández Suárez et al., 2008b, c). Furthermore, Spearman’s 

rank correlations analysis showed that glucose and fructose concentrations were 

strongly and possitively correlated (Table 5.10), which suggests their common origin 

probably from sucrose (Hernández Suárez et al., 2008b). In tomato, the ratio glucose: 

fructose tends to be about 0.8-1 according to a code of practice for evaluation of fruit 

and vegetable (AIJN, 1999) and the ratio obtained from both treatments was within 

this range (healthy control: 0.94, CMV treatment: 0.88). 

 

5.4.2.2 Quantification of organic acids 

The organic acids chromatogram analysis in tomato sample solutions 

presented many peaks (Figure 5.13 B and C). Only three organic acids were identified 

in all the tomato samples: oxalic, ascorbic and citric. The unknown peaks did not 

match identically against any of succinic, fumaric, pyruvic, tartaric, malic or maleic 

acids standards that have been reported by others to be in tomato fruits (Hernández 

Suárez et al., 2008). Analytically, the times that maleic and fumaric acids came up did 
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not match with time of any unknown peak of the samples. Besides, in the peaks 

corresponding to the retention times of succinic, pyruvic, tartaric and malic there were 

changes in the absorption spectrum along the peaks. This suggests that either there 

was a mixture of more than one compound in each peak, or these acids had been 

unstable. 

Stability is a major problem for organic acids analysis because these 

compounds are known to be very unstable in aqueous solution. Ascorbic acid may be 

oxidized to DHA (Figure 5.14, D), so care was required during sample preparation. 

For example, Nováková et al. (2008) demonstrated that the initial concentration of 

ascorbic acid under the influence of natural light decreased to 84.2% in a transparent 

flask. In current study stability problems of ascorbic acid in sample solutions were 

resolved by avoiding storing samples and analysing them as soon as they were 

prepared, by decreasing temperature in the auto-sampler and keeping samples cool at 

4°C during analysis, and finally by protecting samples from light. 

In the tomato samples tested, citric acid was the major organic acid followed 

by oxalic which agrees with reports in other papers (Islam et al., 1996; Hernández 

Suárez et al., 2008). Runs of freshly prepared tomato samples showed two adjacent 

peaks at the retention time of oxalic, which were identified as oxalic. In order to 

positively identify these, a tomato sample extract was spiked with known amount of 

this organic acid. The oxalic acid was the only organic acid without significant 

difference in its content (P < 0.05) between the two treatments. 

Little data is available on the concentration of organic acids in virus infected 

plants, although these compounds play an important role in plant metabolism and fruit 

taste and pH as well. These data report an increase in the tested organic acids of virus 

infected tissues. Thus more malic and citric acids were found in CMV infected 

tobacco leaf compared to healthy control (Porte and Weinstein, 1957). The ascorbic 

acid content of pepper fruit infected with Pepper mild mottle virus (PMMoV) was 

increased versus healthy control (Tsuda, 2007). These are in accordance with the 

results of current experiment in which citric and ascorbic acids were significantly 

increased in fruits of CMV infected plants. 

It has been noted that there is a correlation between high ascorbic acid levels 

and relatively poor tomato yields (Stevens 1986; Wang, 2009), and also that the larger 

the tomato fruit, the lower the ascorbic acid content tends to be (Dumas et al., 2003). 

These statements agree with the increased ascorbic acid concentration in small tomato 
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fruits accompanied by reduced yield of CMV infected plants. Regardless of virus 

infection a spatial difference was found in ascorbic acid content with fruits derived 

from the lower parts of the plant having less ascorbic acid (Table 5.11). This could be 

due to the lower light intensity or shade that usually occurs at the bottom of a tomato 

plant, because under shady conditions a decrease of 15-20% has been noticed in 

vitamin C (ascorbic acid) levels of tomato fruits compared to fruits exposed to the 

sunlight (Venter, 1977; Dumas et al., 2003). 

 

5.4.2.3 Quantification of carotenoids 

Several published procedures (Alba et al., 2000; Baysal et al., 2000; Arias et 

al., 2000, Kimura and Rodriguez-Amaya, 2002; Datta et al., 2003; Olives Barba et 

al., 2006; Porcu and Rodriguez-Amaya, 2008) were tested and modified for 

carotenoid extraction and analysis. The purpose was to achieve the best pigment 

separation and the ideal chromatogram conditions, at low cost, with a simple sample 

preparation and short run times. Usual solvent extraction of carotenoids consumes 

large amounts of organic solvents (hexane, acetone, ethanol, methanol, 

tetrahydrofuran, petroleum ether or many mixes of them, some of which are 

hazardous) is time consuming and requires multiple steps. 

In this study acetone was used and the samples were measured as soon as they 

were prepared. The extraction with acetone was sufficient as it decreased the 

extraction efficiency only by 3.5% for β-carotene and 1.4% for lycopene compared 

with other mix solvents (data not shown). Saponification was also tried and 

considered unnecessary because there is no fat and not enough chlorophyll in ripe 

tomatoes. Both isocratic and gradient elution systems were tested and the gradient 

solvent method was chosen for better resolution compared to isocratic. Finally, the 

precision intra-day and between days repeatability of the method used was obtained 

by running the standard and one sample many times on two consecutive days. The 

chromatograms were overlaid showing reproducible retention times and almost 

identical peak areas (Figure 5.15). 

Fruits of virus infected plants were found to have high β-carotene content with 

respect to healthly fruits. On the other hand, the lycopene content was not 

significantly increased by CMV presence. However, fruits of infected plants reached 

this colour four days later (Table 5.3). These perhaps imply that lycopene production 
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in CMV infected plants was delayed, while β-cyclase, (the enzyme that converts 

lycopene to β-carotene) continued to be active. 

There are few data referring to the impact of virus infections on carotenoids. 

Petrova et al. (2009) showed that carotenoid content was increased in upper and lower 

leaves of CMV infected pepper plants depending on the degree of plant susceptibility 

to the virus. Kapinga et al. (2009) proved that Sweetpotato chlorotic stunt virus 

(SPCSV) and Sweetpotato feathery mottle virus (SPFMV) on single and mixed 

infections had negative effect (reduction of 43%, 16% and 37% respectively) on total 

carotenoid accumulation (represented mainly by β-carotene) in orange-fleshed 

sweetpotato tubers. At first sight, the results of this study on sweetpotato seem to be 

contradictory to the ones obtained on tomato. The fact that sweepotatoes from virus 

infected and healthy control plants were harvested at the same time, could lead to a 

delay in carotenoid production. Hanssen et al. (2011) analyzed mature tomatoes 

infected by Pepino mosaic virus (PepMV) with typical fruit marbling and revealed a 

decrease in carotenoids content. This result was predictable because the reduced 

carotenoids concentration is responsible for the marbled phenotype of PepMV 

infected tomatoes. In current experiment only marketable fruits with homoemorphous 

colour were analyzed. 

Akanda et al. (1998) found that leaves of CMV infected tomato plants had 

reduced concentration of chrorophyll and β-carotene versus healthy leaves. Similarly, 

Haider and Hossain (1994) showed that Yellow vein mosaic virus (YVMV) infected 

okra had less chlorophyll and β-carotene compared to healthy plants. Hemida (2005) 

also demonstrated that the concentrations of chlorophyll a, b and carotenoids in leaves 

of Bean yellow mosaic virus (BYMV) infected Phaseolus vulgaris were decreased 

compared with healthy plants. Recently, Muqit et al. (2007) examined the 

biochemical changes of some components in ash gourd (Benincasa hispida) due to 

three different viruses [Bottlegourd mosaic virus (BgMV), Watermelon mosaic virus 

2 (WMV2) and Papaya ringspot virus (PRSV)]. They found in all cases that 

chlorophylls a and b, total chlorophyll and β-carotene contents of the infected plants 

were decreased compared to healthy control plants. As mentioned above, the 

photosynthetic process is decreased due to virus infection (Rahoutei et al. 2000). This 

fact normally leads to less chlorophyll concentration and consequently less β-carotene 

in leaves. All these articles deal with β-carotene in leaves and there are no reports of 

what happens with carotenoids content in fruits. Even in case that analogous β-
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carotene reduction would happen in virus infected fruits, then the increase in β-

carotene found in the current experiment could be explained by allowing the 

prolongation of fruit ripening. An alternative or additional explanation might be that 

carotenoids have some antioxidant capacity and this capacity is reported to be 

increased under virus stress (Clarke et al., 2002; Mittler, 2002; Shigeoka et al., 2002; 

Hafez et al., 2004; Radwan et al., 2010). 

Independent of virus infection, the lycopene content, 62.2 μg/g and 67.6 μg/g 

on FW basis for fruits from healthy control and infected plants respectively, lies in the 

range of values given in literature [30-200 μg/g FW, the widest range mentioned by 

Topal et al. (2006) and 55-80 μg/g FW, the most frequent range mentioned by Dumas 

et al., (2003)]. The β-carotene content 1.68 μg/g and 1.87 μg/g on FW for fruits from 

healthy control and infected plants respectively, lies slightly above the minimum 

published values [1-7 μg/g FW (USDA national nutrient database mentioned by 

Georgé et al. (2011)]. The highest concentration of β-carotene in tomato is 12 μg/g on 

FW basis, found on a cherry tomato (Olives Barba et al., 2006). 

The variability in the data above could be explained by the high dependence of 

various factors on the carotenoid content in tomatoes. Some of these factors are 

maturity, variety, cultivar, environmental and agronomic conditions (Dumas et al., 

2003), technical processing, extraction method (Georgé et al., 2011), preparation and 

calibration of stock and working carotenoid standard (Hart and Scott, 1995), assay 

method (Scott et al., 1996) and the examined part of tomato fruit. In a recent study the 

impact of lyophilisation on carotenoids and on two other major antioxidant 

micronutrients (total polyphenols and vitamin C) was evaluated. It was found that 

lyophilisation decreased by 47% and 14% the lycopene and β-carotene contents, 

respectively, in ripe tomatoes compared to the same fresh analysed tomatoes (Georgé 

et al., 2011). So absolute comparison of data related to carotenoids content is difficult 

due to all the prementioned factors of variability among laboratories. 

 

5.4.2.4 Antioxidant capacity 

Several methods have been used to evaluate the antioxidant profile of food 

products and according to Cao et al., (1993) results may greatly vary depending on 

the experimental conditions and the specificity of the used free radical. Herein the 

antioxidant capacity of tomatoes was determined using the free, stable radical DPPH, 

which is not specific to any particular antioxidant (Gil et al., 2000). DPPH has an 
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absorption band at 515 nm that disappears after reduction by an antioxidant 

compound (Ordiozola-Serrano et al., 2009). To evaluate the antioxidative activity of 

tomato extracts, the latter reacted with DPPH in a methanol solution and the reduction 

of DPPH was followed by the decrease in its absorbance. Trolox was used as an 

antioxidant standard. 

To assess the nutritional quality of fresh tomatoes, it is important to study all 

the main compounds having antioxidant activity. Tomatoes apart from lycopene, 

contain many different antioxidant micronutrients, such as A, C and E vitamins, 

carotenoids (β-carotene, γ-carotene), lutein, phytoene, phytofluene and phenolics 

(flavonoids, hydroxycinnamic acids) (Wang et al., 1996; Martinez-Valverde et al., 

2002; Dumas et al., 2003; Chang and Liu, 2007). DPPH provides an easy and rapid 

way to measure the overall antioxidant capacity of tomato samples (Brand-Williams 

et al., 1995). 

As was demonstrated above, β-carotene of tomato fruits from CMV infected 

plants was significantly increased compare to healthy control, the same effect 

occurred with the antioxidant capacity which was significantly higher by more than 

16% both on the FW and DW basis versus healthy control plants. 

Information on the fate of antioxidant activity in fruits during virus infection is 

lacking, but there are reports referring to the effects on plant antioxidant systems. So, 

there is ample evidence indicating that plants under pathogen attack, viruses included, 

may rapidly cause oxidative burst. The oxidative burst produces high levels of ROS 

and plants activate the antioxidants enzymes to protect cellular damages by regulating 

ROS’s levels (Shigeoka et al., 2002; Hafez et al., 2004). The main antioxidant 

enzymes are CAT that dismutates H2O2 to oxygen and water, superoxide dismutase 

(SOD) catalyzing the dismutation of superoxide radical (O2
-
) to H2O2 and O2, and 

ascorbate peroxidase (APX) that reduces H2O2 to water by using ascorbic acid as 

specific electron donor (Mittler, 2002; Radwan et al., 2010). 

The changes in antioxidant content and the accumulation of some antioxidant 

metabolites indicate a kind of plant defence response against pathogen invasion. Thus, 

Radwan et al. (2010) demonstrated that BYMV infection caused pronounced increase 

in the antioxidant activity of faba bean leaf extracts detected by DPPH assay, 

indicating an increase in the amounts of phenolics and flavonoids. According to 

Huang et al. (2006) phenolic and flavonoids compounds have strong free radicals 

scavenging capacity. Moreover, Cucurbita pepo plants infected with CMV (Técsi et 
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al., 1996) or Zucchini yellow mosaic virus (ZYMV) (Radwan et al., 2006) presented 

increased peroxidase activity. Riedle-Bauer (1997) inoculated two varieties of 

cucumber plants with CMV and infected plants showed a significant rise in activity of 

peroxidase compared to healthy control plants, whereas no variation in SOD and CAT 

was observed. 

Specifically for CMV infected tomato plants Song et al. (2009) demonstrated 

that CMV infection disturbed the photosynthetic and respiratory electron transport in 

tomato plants, affected at the same time the antioxidative systems, and led to 

oxidative stress in leaves. They also demonstrated that CMV infection increased the 

activities of antioxidant enzymes in chloroplasts and mitochondria of tomato leaves. 

Hence, a hypothesis could be made that the same processes could take place in tomato 

fruits leading to an increase of the total antioxidant compounds. 

Generally, the values of total antioxidant content in tomatoes found in this 

study range around or diverge little from the values stated in literature, but again 

direct comparison cannot be conducted as there are many differences in the extraction 

methods, assays used and free radicals (Wang et al., 1996; Rotino et al., 2005; 

Ordiozola-Serrano et al., 2009). 

 

 

5.5 Conclusions  

This study was conducted to evaluate the impact of CMV and especially of a 

Greek CMV isolate on the quantity and quality traits of a Spanish tomato hybrid 

Delos. CMV infection had profound effects mainly on plant and fruit morphology and 

secondarily on fruit biochemistry. 

Virus infection stressed the growth of plants as it reduced their height, stem 

diameter and leaf area. Although, the leaf-to-fruit ratio was almost the same between 

the two treatments, the fruit size of CMV infected plants was significantly decreased 

and as a result the production expressed as weight of total yield was reduced by 24%. 

Colour uniformity of some fruits (27%) was affected due to CMV symptoms, but the 

rest had high colour quality and could be easily consumed. Consequently, fruit 

production as measured by marketable fruit yield, was reduced by 40.7% under CMV 

infection. 
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Fruit maturity of CMV infected plants was delayed, for more than four days, 

demonstrating that viral infection affected the fruit metabolism/ development. For the 

first time, the nutritional composition of tomatoes derived from CMV infected plants 

was compared by analysing three different families of phytonutrients (sugars, organic 

acids and carotenoids) and total antioxidant capacity on tomato pericarp. Carotenoids 

and antioxidants are health-related molecules, while sugars and organic acids are 

important determinants of taste in fruits. 

The present study quantified development decrease, small fruits production 

and reduced yield of a Spanish tomato hybrid infected by a Greek CMV isolate. 

Regarding the quality traits measured the conclusion that arises is that fruits produced 

from CMV4 infected tomato plants which have attractive appearance are of 

equivalent or even higher value from a dietary perspective compared to healthy 

control. 



123 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

CHAPTER SIX 

 

 

Impact of Benzothiadiazole (BTH) application and Cucumber mosaic 

virus (CMV) infection on quantity and quality traits of marketable 

tomato fruits in different cultivation seasons 

 

6.1 Introduction 

It has been shown that inducers of SAR, like BTH, influence plant metabolism 

by increasing plant resistance to several pathogens, including viruses. In the first year 

of this study it was demonstrated that when tomato seedlings were sprayed with BTH 

at weekly intervals and had been mechanically inoculated by CMV after the first BTH 

application, then significant differences in virus incidence were obtained. The 

incidence was lower by 85% in BTH treated plants compared to untreated. 

In the second year, one experiment was performed to investigate the impact of 

a Greek CMV isolate on quantity and quality traits of tomato fruits of hybrid Delos. 

The size and fresh weight of marketable fruits of infected plants were significantly 

lower compared to control plants. It was also found that the levels of sucrose, 

fructose, ascorbic acid, citric acid, β-carotene and the total antioxidant activity were 

significantly higher in fruits of infected plants compared to control. 

As a continuation of the above work, two experiments were performed in 

order to assess the influence of weekly BTH applications (12 in total), CMV infection 

and their combination on tomato plants and fruits. The experiments were carried out 

at different times of the year to estimate possible environmental effects. 

 

6.2 Experimental design 

Two tomato cultivations of hybrid Delos were conducted, one during winter 

(August 2009 - January 2010) and the other during spring (January - June 2010). 

There were four treatments: BTH treated (BTH), CMV inoculated and infected 

(CMV), BTH treated and CMV inoculated (BTH+CMV) and healthy (Control) plants, 

of 10 plants each. As mentioned in the previous experiment in chapter 5, adjacent 

plants touched each other and a complexly randomised design could not be applied, 
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because on the one hand, CMV is mechanically transmitted and on the other hand, it 

would be difficult for BTH application. Hence, plants of each treatment were grouped 

together, were divided equally between the two cabins of an insect-proof glasshouse 

and were differently arranged in each experiment (Figures 6.1 and 6.2). BTH was 

firstly applied when the first true leaf appeared and then was sprayed weekly until run 

off. Inoculation with CMV was carried out a week after the first BTH application on 

the first two true leaves of tomato seedlings and ELISA tests were conducted to 

determine virus presence. PCR analyses were also carried out to cross-check the 

CMV presence or absence on BTH treated and CMV inoculated tomato plants. 

All ripe fruits were weighed and the first three marketable ripe fruits, 

developed on different trusses of each plant, were selected as samples for further 

analysis. The total number of samples used in each experiment was 120 (30 fruits per 

treatment).
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Figure 6.1. Ground plan of the glasshouse showing the tomato plants of the examined treatments arrangement of winter cultivation (August 2009 - 

January 2010).
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Figure 6.2. Ground plan of the glasshouse showing the tomato plants of the examined treatments arrangement of spring cultivation (January – June 

2010).
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6.3 Results 

 

6.3.1 Physical assessments 

 

6.3.1.1 Plant morphology 

Differences in plant development were observed among the four treatments 

regardless of the growth season. The emergence rate of leaves was the same for all 

treatments, but the leaf area of BTH and/or CMV treated plants was reduced 

compared to healthy control plants. The reduction in leaf area was more pronounced 

for plants of both BTH (BTH and BTH+CMV) treatments than plants of CMV 

treatment as illustrated in Figure 6.3. Moreover, this reduction was more pronounced 

in plants of winter cultivation for both BTH treatments than plants of spring 

cultivation. 

The height of all plants had been recorded from the 25
th

 dpi, in intervals of 

about 10 days, until topping of healthy control plants (Figure 6.2 A and B). In both 

experiments control plants were significantly higher than BTH treated plants, 

followed by BTH+CMV treated plants and CMV infected plants, last in the rank. The 

biggest difference occured in plant mean height between control and CMV infected 

plants and it was 26.4% during the winter and 28.5% during the spring, between 

control and BTH+CMV treated plants it was 16.6% and 22.2%, between control and 

BTH treated plants it was 10.9% and 12.9% respectively. In the experiment conducted 

during the spring the plant height of each treatment was significantly different from 

the others at the last measurement (Figure 6.4 B). In particular BTH treated plants 

were significantly higher than BTH+CMV treated plants by 10.7% and than CMV 

infected plants by 19.4%, BTH+CMV treated plants were significantly higher than 

CMV infected plants by 11%. In the experiment conducted during the winter the 

height of BTH+CMV treated plants did not significantly differ from either BTH 

treated plants or CMV infected plants (Figure 6.4 A). But BTH treated plants were 

significantly higher than CMV infected plants, and the difference between them 

amounted to 18.2%. 

The differences given below refer to the last measurement of mean height 

made when the healthy control plants reached 2.3 m. In both experiments, the height 

of plants of CMV treatment was significantly lower than that of healthy control plants 
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(by 19.6% in winter and 28.5% in spring), as well as that of BTH treated plants (by 

14.5% and 19.4% respectively), and lower but without statistically significant 

difference than plants of BTH+CMV treatment. Only the last measurement of plant 

height of CMV treatment was significantly lower (by 11%) compared to that of 

BTH+CMV treated plants in spring experiment (Figure 6.4 A, B). Plants that 

remained infected were severely top stunted compared to plants that showed recovery 

in their new vegetation. Thus, plants of CMV treatment, especially of winter 

experiment, when 60% of plants showed recovery, had mean heights with greater s.d. 

numbers (ranged from ± 3 to ± 11 cm) than plants of all the other treatments. 

The stem diameter at three points (bottom: 50 cm, middle: 130 cm and top: 

210 cm) of each plant differed among the treatments as it is shown on Table 6.1. For 

both cultivations control plants had significantly thicker stem than that of the other 

treatments, followed by BTH treated plants. 
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Figure 6.3. Optical view of leaf area of hybrid Delos tomato plants from different 

treatments, healthy (Control), CMV4 inoculated and infected (CMV), BTH treated 

(BTH), BTH treated and CMV4 inoculated (BTH+CMV) plants. 
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Table 6.1. Effect of BTH application and/or CMV4 infection on stem diameter of hybrid Delos tomato plants measured at three different points, at 

bottom (50 cm), middle (130 cm) and top (210 cm). 

S
te

m
 l

en
g
h
t 

(c
m

) 

Stem diameter (mm) 

Healthy control BTH CMV BTH+CMV 

winter spring winter spring winter spring winter spring 

  50    11.4 (±0.4)

a


  11.6 (± 0.5) d  9.9 (±0.3) b   9.9 (±0.5) e 10.4 (±0.4) b 10.0 (±0.4) e 9.9 (±0.2) b 8.9 (±0.5) f 

130 13.2 (±0.2) a 12.7 (±0.4) d 12.1 (±0.3) b 11.2 (±0.4)e 11.5 (±0.4) b  8.6 (±0.4) f 10.4 (±0.1) c 8.8 (±0.4) f 

210 10.5 (±0.3) a 10.7 (±0.6) d 10.1 (±0.2) a  9.7 (±0.4) d   8.5 (±0.5) b  8.0 (±0.5) e   9.6 (±0.3) c 8.7 (±0.4) e 

Numbers in brackets indicate the s.d. of 10 plants 


Different letters within lines indicate significantly different values among treatments of the same cultivation (a, b, c for winter and d, e, f for spring) (P < 0.05) 
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Figure 6.4. The plant height (cm) of BTH treated (▼), CMV4 inoculated and infected 

(), BTH treated and CMV inoculated (∆) and healthy control () tomato plants after 

the inoculation (A: winter cultivation, B: spring cultivation). The bars represent the 

s.d. of 10 plants. 
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6.3.1.2 Fruit morphology and production 

Fruit morphology and production was quite different between the two 

experiments and among the four treatments. The total number of fruits, the weight of 

yield and the mean fruit weight per treatment were reduced in the winter cultivation 

compared to the spring one (Table 6.2). For both experiments more ripe fruits (5.7% 

for the winter cultivation and 9.1% for the spring cultivation) were produced from 

CMV infected plants compared to healthy control plants. The BTH treatment 

presented reduction in number of ripe fruits by 32.5% in winter and 20% in spring 

versus healthy control, and the BTH+CMV treatment by 30% and 24% respectively. 

In both experiments CMV treatment produced symptomatic and symptomless fruits. 

Taking into account only the marketable fruits (integers in brackets in second column 

of Table 6.2) the number of CMV treatment fruits was less by 19.5% in winter and by 

41% in spring compared to healthy control. BTH+CMV treatment produced only two 

symptomatic fruits in spring experiment, which additionally reduced the number of 

marketable fruits by 25.3% versus healthy control treatment. 

The total yield weight and the mean fruit weight were reduced in all 

treatments for both experiments compared to healthy control. During winter BTH 

treated plants produced crop with 48.6% less weight and fruits with 23.9% less mean 

weight versus healthy control, and during spring 24.5% and 6.7% respectively. CMV 

infected plants presented 24% less crop weight and fruits with 28% less mean weight 

than healthy control in winter, and 31.9% and 38.4% in spring respectively. The 

BTH+CMV treatment produced reduced yield weight and fruit mean weight by 

53.4% and 33.4% contrary to healthy control in winter, and 39% and 20.1% in spring 

respectively. 

The characteristics of selected tomato samples for each treatment and 

experiment are listed in Tables 6.3 and 6.4. Figure 6.5 (A and B) shows the 

differences in size and overall appearance among representative fruit samples of all 

treatments and both cultivations. Fruits of healthy control plants were larger-sized 

compared to the other treatments, with a mean weight of 229.3 g for the winter 

cultivation and 256.3 g for the spring one. The mean weight of fruits with and without 

calyx from BTH treatment was reduced by 26.5% for winter cultivation and 9.6% for 

spring cultivation, of those from CMV treatment by 35.6% and 36.4% and from 

BTH+CMV treatment by 40.1% and 21% respectively. The greatest differences in 
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calyx fresh weight between control and all other treatments were noticed during 

spring cultivation. In particular, the calyx weight of fruits from BTH treated plants 

was reduced by 12.9% in winter cultivation and 15.5% in spring cultivation compared 

to fruits from control plants, of CMV infected plants by 19.3% and 38.2% and of 

BTH+CMV treated plants by 21.3% and 22.3% respectively (Table 6.3). In winter 

cultivation the fruit weight and all dimensions of control treatment were significantly 

increased as compared to the other three treatments. But in spring cultivation all these 

measurements of control fruits were not significantly different from fruits of BTH 

treatment. Fruits of BTH treatment had 9.8% and 4.6% smaller diameter versus 

control fruits in winter and spring cultivation respectively, 8.6% and 1.5% height, 

10% and 4.7% perimeter respectively. Fruits of CMV infected plants had 14.25% and 

14.65% smaller diameter compared to control fruits in winter and spring cultivation 

respectively, 10.5% and 12.5% height, 15% and 15.5% perimeter respectively. Fruits 

of BTH+CMV treated plants had 15.36% and 9.9% smaller diameter versus control 

fruits in winter and spring cultivation respectively, 12.7% and 5.6% height, 16.3% 

and 9.6% perimeter respectively (Table 6.4). 

There was no significant difference in the dry weight as a propotion of the 

same fresh weight of sample pericarp among all treatments for both experiments, and 

this proportion was higher in spring (Table 6.5). The fruit density presented few 

differences among the four treatments and between the two experiments. For both 

experiments fruits of CMV infected plants needed significantly more days in order to 

get the same maturity stage compared to the other treatments. During winter 

cultivation fruits of CMV treatment needed 2.5 more days in order to ripen compared 

to healthy control fruits and during spring they needed nearly 7 more days. No 

significant difference was found in spring in the DAA among fruits of control, BTH 

and BTH+CMV treatments, and in winter between control and BTH treated fruits, 

and between BTH and BTH+CMV treated fruits (Table 6.5). Independent of 

treatment, the fruit position presented differences in fruit height, density and in DAA 

as shown in Table 6.6. The interaction between treatment and fruit position showed 

significant differences only in calyx weight and fruit density in spring cultivation 

(Table 6.7). For both experiments there was a high correlation coefficient 

(Spearman’s rank correlation) between fruit weight and the diverse dimensions 

(Table 6.8). 
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Table 6.2. Effect of BTH application and/or CMV4 infection on tomato production of hybrid Delos, 

expressed as number, total weight and mean weight of ripe fruits during the winter or spring cultivation. 

Treatment 

 

Number of ripe fruits

 Total weight of yield 

(kg) 

Mean weight of ripe fruits 

(g) 

(10 plants) winter spring winter spring winter spring 

Control 123 154 24.1 35.0 195.8 (±27.4)


 230.4 (±32.0) 

BTH   83 123 12.4 26.4 149.1 (±23.1) 214.9 (±27.7) 

CMV 130   (99) 168   (91) 18.3 23.9 141.0 (±30.9) 142.0 (±16.4) 

BTH+CMV   86 117  (115) 11.2 21.4 130.5 (±25.2) 184.1 (±25.5) 

integers in brackets indicate the marketable fruits, in cases without number in brackets means that all produced fruits were 

symptomless and marketable. 


numbers in brackets indicate the ±s.d. of the respective number of ripen fruits for each treatment. 

 

 

 

Table 6.3. Effect of BTH application and/or CMV4 infection on tomato weight with and without 

calyx and on calyx weight of hybrid Delos. 

Treatment 

 

Fresh weight with calyx 

(g) 

Fresh weight without calyx 

(g) 

Calyx fresh weight 

(g) 

(30 fruits) winter spring winter spring winter spring 

Control 229.3 (a)

 256.3 (a)   228.5 (a)     255.3 (a)  0.85 (a)   1.07 (a) 

BTH 168.6 (b) 231.6 (ac)   167.9 (b)     230.7 (ac)  0.74 (b)   0.91 (b) 

CMV 147.6 (bc) 163.0 (b)   146.9 (bc)     162.3 (b)  0.69 (b)   0.66 (c) 

BTH+CMV 137.3 (c) 202.3 (c)   136.6 (c)     201.5 (c)  0.67 (b)   0.83 (b) 

LSD (P=0.05)   13.8   15.2     13.8       15.2  0.05   0.06 

Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 

 

Table 6.4. Effect of BTH application and/or CMV4 infection on tomato dimensions and 

volume of hybrid Delos. 

Treatment 

 

Diameter 

(cm) 

Height 

(cm) 

Perimeter 

(cm) 

(30 fruits) winter spring winter spring winter spring 

Control 7.58 (a)

 7.81 (a) 5.35 (a) 5.71 (a) 26.12 (a) 26.86 (a) 

BTH 6.84 (b) 7.45 (a) 4.89 (b) 5.62 (a) 23.50 (b) 25.61 (ac) 

CMV 6.50 (bc) 6.66 (b) 4.79 (b) 4.99 (b) 22.21 (bc) 22.70 (b) 

BTH+CMV 6.41 (c) 7.03 (b) 4.67 (b) 5.39 (c) 21.86 (c) 24.28 (c) 

LSD (P=0.05) 0.19 0.20 0.14 0.11   0.66   0.68 

Different letters in brackets within columns indicate significantly different values (P < 0.05) 
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Table 6.5. Effect of BTH application and/or CMV4 infection on DW as a proportion of FW 

(DW/FW), fruit density and days after anthesis (DAA) of hybrid Delos tomato fruits. 

Treatment 

 

DW/FW of pericarp Fruit density 

(g cm
-3

) 

DAA 

(days) 

(30 fruits) winter spring winter spring winter spring 

Control 0.051 (a)

 0.060 (a) 1.39 (a) 1.37 (a) 55.5 (a) 53.1 (a) 

BTH 0.049 (a) 0.059 (a) 1.39 (a) 1.38 (ab) 54.2 (ac) 53.5 (a) 

CMV 0.048 (a) 0.059 (a) 1.32 (b) 1.36 (a) 57.9 (b) 59.8 (b) 

BTH+CMV 0.050 (a) 0.062 (a) 1.34 (ab) 1.41 (b) 53.5 (c) 54.8 (a) 

LSD (P=0.05) 0.001 0.002 0.026 0.02   1.0   1.2 

Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 

 

Table 6.6. Effect of the fruit position on fruit height, density and on days after anthesis 

(DAA) of hybrid Delos independently of treatment during winter or spring cultivation. 

Fruit 

position 

Height 

(cm) 

Fruit density 

(g cm
-3

) 

DAA 

(days) 

 winter spring winter spring 

1 (bottom) 5.15   (a)

 5.69    (a) 1.33    (a) 56.7    (a) 

2 (middle) 4.87   (b) 5.41    (b) 1.35    (ab) 55.2    (ab) 

3 (top) 4.77   (b) 5.19    (c) 1.39    (b) 54.0    (b) 

LSD (P=0.05) 0.12 0.10 0.02   1.1 
 

Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 

 

Table 6.7. Effect of the treatment and fruit position on the weight of calyx and on the fruit density 

of hybrid Delos during spring cultivation. 

Fruit position 1 (bottom) 2 (middle) 3 (top)  1 (bottom) 2 (middle) 3 (top) 

Treatment  Weight of calyx (g) Fruit density (g cm
-3

) 

Control 0.86 (cde)

 1.30 (f) 1.06 (e)  1.33 (a) 1.39 (abcd) 1.40 (bcd) 

BTH 0.99 (de) 0.84 (bcd) 0.89 (de)  1.37 (ab) 1.45 (d) 1.33 (a) 

CMV 0.72 (abc) 0.65 (ab) 0.62 (a)  1.36 (ab) 1.36 (ab) 1.36 (ab) 

BTH+CMV 0.84 (bcd) 0.82 (bcd) 0.84 (bcd)  1.41 (bcd) 1.39 (abc) 1.44 (cd) 

LSD (P=0.05)  0.10    0.03  

Different letters in brackets indicate significant difference values (P < 0.05). 
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Table 6.8. Spearman’s rank correlation coefficients between fruit weight and 

morphological characteristics in winter or spring cultivation (P < 0.05). 

       Diameter        Height      Perimeter 

 winter spring winter spring winter spring 

Height 0.68

 < 0.6 < 0.6 < 0.6 < 0.6 < 0.6 

Perimeter 0.98 0.99 0.68 0.61 < 0.6 < 0.6 

Weight with calyx 0.98 0.95 0.73 0.73 0.99 0.97 

Weight without calyx 0.98 0.95 0.73 0.73 0.99 0.97 

Weight of calyx 0.80 < 0.6 < 0.6 < 0.6 0.82 0.63 
*
Value > 0.6 and close to 1 means good correlation between the two elements 
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Figure 6.5. Tomato samples of hybrid Delos harvested from plants of different 

treatments, healthy (Control), CMV4 inoculated and infected (CMV), BTH treated 

(BTH), BTH treated and CMV4 inoculated (BTH+CMV) during winter (A) and 

spring cultivation (B). 
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6.3.2 Biochemical assessments 

 

6.3.2.1 ELISA  

New fully emerged leaves were selected at different intervals of time post 

inoculation for the two experiments and ELISA tests were conducted to determine the 

presence of CMV. As indicated in Figure 6.6 within 38 dpi all plants of CMV 

treatment (n = 10) were infected during winter cultivation (A) while the respective 

rate of BTH+CMV treatment was 20% (two infected plants out of ten). Then plants of 

both treatments showed recovery in their uppermost leaves and the result of the last 

ELISA was that 40% (4/10) of plants of CMV treatment and none of BTH+CMV 

treatment remained infected (Figure 6.6, A). During spring cultivation (Figure 6.6, 

B) all plants of CMV treatment were infected at 28 dpi and remained infected in their 

newly emerged leaves till the end of the experiment. On the other hand, for 

BTH+CMV treatment 20% (2/10) of plants were infected at 28 dpi and last ELISA at 

63 dpi showed that the percentage of infected plants was increased to 40% (4/10). 
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Figure 6.6. Percentage of infected tomato plants of hybrid Delos inoculated with 

CMV4 (●) or inoculated with CMV4 and weekly BTH treated (○) (A: winter 

cultivation, B: spring cultivation). ELISA tests were conducted using new emerged 

leaves on the top of each plant. 
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ELISA test was also carried out on fruit samples. In the winter cultivation 

63.3% (19/30) of fruits from CMV inoculated plants were infected. In particular, all 

three tomato samples were infected in 30% (3/10) of CMV inoculated plants, two out 

of three fruits were infected in 30% (3/10) of plants and only one fruit was infected in 

40% (4/10) of plants. For the spring cultivation all selected samples (30/30) of CMV 

treatment were infected. Referring to BTH+CMV treatment no fruit was infected for 

the winter cultivation, while 13.3% (4/30) of fruits were infected in spring cultivation, 

especially the first harvested fruit out of three was infected in each one of the BTH 

treated and CMV infected plant. 

 

6.3.2.2 IC-PCR 

IC-PCR analyses were carried out to cross-check the presence or absence of 

CMV on tomato plants of BTH+CMV treatment. The results of the IC-PCR analyses 

were consistent with that of the ELISA. Figure 6.7 shows the result of the last 

sampling of spring cultivation (63 dpi), where four plants out of ten were infected. 

 

 

 

 

 

 

 

Figure 6.7. IC-PCR products demonstrating the presence of CMV4 particles in new 

emerged leaves of CMV inoculated and weekly BTH treated tomato plants, 63 days 

post inoculation in spring cultivation. Lane 1 (C), negative control healthy plant; lane 

2 (CMV), positive control CMV4 infected plant; lanes 3-12 (1-10), examined samples 

of BTH+CMV treated plants; lane 13 (H2O), negative control H2O used in the 

reaction; lane 14 (ladder), molecular weight standard (1 kb DNA ladder). 

 

6.3.2.3 Non structural carbohydrates (NSCs) 

Sucrose was below the detection limit in most of samples for all treatments in 

winter cultivation and in some samples in spring cultivation. Results below the 

quantification limit were set at zero, which causes an unavoidable underestimation of 

  C     CMV     1      2        3         4       5        6         7        8        9       10     H2O   ladder 
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the mean value of sucrose content presented in Table 6.9. For clarity, the number of 

values below sucrose quantification were 66.6% (20/30) of winter samples and 30% 

(9/30) of spring samples of control treatment, 83.3% (25/30) and 16.7% (5/30) of 

samples from CMV treatment, 86.7% (26/30) and 23.3% (7/30) of samples from BTH 

treatment and 70% (21/30) and 40% (12/30) of samples from BTH+CMV treatment 

respectively. According to this statement sucrose concentration for both DW and FW 

basis was not affected by CMV either BTH or BTH+CMV treatment for spring 

cultivation, while was reduced by 78% on DW and FW basis for BTH treatment and 

by 75.5% on DW and 78.8% on FW basis for BTH+CMV treatment compared to 

control in winter cultivation. 

Fructose was significantly higher on DW (9% in winter and 15.3% in spring) 

and FW (13.8% and 16.5% respectively) basis in fruits of healthy control plants than 

CMV infected plants. In winter experiment fructose of control fruits was also 

significantly increased by 11.4% on DW basis and 15.3% on FW basis compared to 

fruits of BTH treatment and by 22.1% on DW basis and 23.9% on FW basis 

compared to fruits of BTH+CMV treatment. In the spring experiment fructose of 

fruits from control, BTH and BTH+CMV treatments did not differ statistically. 

In winter cultivation glucose was significantly decreased in fruits of all 

treatments compared with healthy control. Fruits of BTH treatment presented 16.3% 

less glucose concentration on DW basis and 19.8% on FW basis versus control fruits. 

Fruits of CMV treatment presented a reduction by 10.4% on DW and 15.2% on FW 

and fruits of BTH+CMV treatment by 28.9% on DW and 30.4% on FW compared to 

healthy control fruits. In spring cultivation, BTH or CMV treatment had no main 

effect on the amount of glucose in fruit compared to healthy control, but BTH+CMV 

treatment increased glucose concentration by 6.3% on DW and 9.9% on FW. 

Total sugars for both experiments were significantly increased in fruits of 

healthy control compared to fruits of CMV treatment by 9.8% on DW and 14.6% on 

FW in winter, and by 9.3% on DW and 10.6% on FW in spring. In winter experiment 

total sugars of control were significantly increased by 13.9% on DW and 17.7% on 

FW compared to BTH treatment and by 25.4% on DW and 27.1% on FW compared 

to BTH+CMV treatment. Moreover, in winter cultivation each NSC measured was 

quite reduced compared to the respective one of spring cultivation as it is shown in 

Table 6.9, and the total NSCs were also reduced in winter versus spring by more than 
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17% for healthy control and CMV treatments, 29.3% for BTH treatment and 39.8% 

for BTH+CMV treatment. 

In both experiments fructose and glucose presented Spearman’s rank 

correlations with a high coefficient. In winter glucose FW had coefficients 0.73 with 

fructose DW and 0.93 with fructose FW. In spring glucose DW showed coefficients 

0.71 with fructose DW and 0.67 with fructose FW. 

 

 

Table 6.9. Effect of BTH application and/or CMV4 infection on the concentration of sucrose, fructose and 

glucose of tomato fruit of hybrid Delos, expressed per dry weight (DW) and per fresh weight (FW), for 

winter and spring cultivation. 

*
Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 

6.3.2.4 Organic acids 

The results of organic acids assessments are presented in Table 6.10. Ascorbic 

acid concentration in fruits was not significantly affected by BTH treatment for both 

cultivations and only by BTH+CMV treatment for spring cultivation. In winter 

experiment BTH+CMV treatment had increased concentration of ascorbic acid 

compared to control by 26.7% on DW basis and 24.8% on FW basis. CMV treatment 

significantly increased ascorbic acid content by 13% on DW basis in winter 

cultivation and by 39.7% on DW and 36.8% on FW basis in spring. 

 Treatment Sucrose (mg g
-1

) Fructose (mg g
-1

) Glucose (mg g
-1

) Total sugars (mg g
-1

) 

 (30 fruits) winter spring winter spring winter spring winter spring 

D
W

 

Control 1.55  (a)
*
 3.30  (a) 235.5  (a) 280.1  (a) 203.8  (a) 248.4  (ab) 440.9  (a) 531.8  (a) 

BTH 0.34  (b) 3.87  (a) 208.7  (b) 279.3  (a) 170.6  (b) 253.4  (a) 379.6  (b) 536.6  (a) 

CMV 0.76  (ab) 4.58  (a) 214.2  (b) 237.3  (b) 182.6  (b) 240.2  (b) 397.6  (b) 482.1  (b) 

BTH+CMV 0.38  (b) 3.26  (a) 183.4  (c) 279.0  (a) 145.0  (c) 264.1  (c) 328.7  (c) 546.4  (a) 

 LSD (P=0.05) 0.47 0.69     7.3     4.5     7.8     4.4   14.8     8.4 

F
W

 

Control 0.086  (a) 0.20  (a)  11.97  (a)  16.85  (a)  10.38  (a)   14.95  (a)   22.44  (a)   32.00  (ac) 

BTH 0.019  (b) 0.24  (a)  10.14  (b)  16.52  (a)    8.32  (b)   15.01  (a)   18.47  (b)   31.78  (a) 

CMV 0.039  (ab) 0.28  (a)  10.32  (b)  14.07  (b)    8.80  (b)   14.26  (a)   19.16  (b)   28.62  (b) 

BTH+CMV 0.018  (b) 0.22  (a)    9.11  (c)  17.34  (a)    7.22  (c)   16.43  (b)   16.35  (c)   33.99  (c) 

 LSD (P=0.05) 0.025 0.05    0.44    0.49    0.46     0.51     0.89     1.00 
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In winter experiment citric acid was significantly increased in BTH and 

BTH+CMV treatments versus healthy control and was also increased in CMV 

treatment but with no significant difference compared to healthy control. In particular 

BTH treated plants produced fruits with 9.3% more citric acid on DW, and 

BTH+CMV treated plants produced fruits with 18% on DW and 16% on FW more 

citric acid than control fruits. In spring experiment citric acid was reduced in all 

treatments compared to control with statistical significant differences in CMV and 

BTH+CMV treatments. CMV treated plants produced fruits with 7.4% on DW and 

9.1% on FW less citric acid than control fruits, and BTH+CMV treated plants 

produced fruits with 6% on DW less citric acid than control fruits. 

The oxalic acid content of tomato samples was not found to be different 

among the four treatments for both DW and FW basis in spring cultivation. In winter 

cultivation oxalic acid also was not affected by the CMV infection, but it was 

increased by 16.45% in DW in fruits of BTH treated plants and by 21.3% in DW and 

19% in FW in fruits of BTH+CMV treated plants versus to control. 

The fruit position on the plant, independently of treatment affected the 

ascorbic acid concentration in spring as shown in Table 6.11. The primary fruits had 

lower concentration of ascorbic acid than secondary and significantly lower than 

tertiary (by 9.6% on DW). Moreover, from the three examined organic acids only 

ascorbic presented significant Spearman’s rank correlations with some of the other 

biochemical measurements referring to lycopene, β-carotene and antioxidant capacity 

(Table 6.12). 
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Table 6.10. Effect of BTH application and/or CMV4 infection on the concentration of ascorbic, 

citric and oxalic acid of tomato fruit of hybrid Delos, expressed per dry weight (DW) and per 

fresh weight (FW). 


Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 

 

Table 6.11. Effect of the fruit position on the concentration of ascorbic acid, lycopene and β-

carotene in tomato fruit of hybrid Delos, independently of treatment, during winter or spring 

cultivation. 

Fruit 

position 

Ascorbic acid DW 

(mg g
-1

) 

Lycopene DW 

(μg g
-1

) 

Lycopene FW 

(μg g
-1

) 

β-carotene FW 

(μg g
-1

) 

 spring winter spring winter winter 

1 (bottom)       4.83    (a)

 994     (a) 760    (a)     49.4     (a)     2.21     (a) 

2 (middle)       5.20    (ab) 918     (ab) 690    (b)     45.7     (ab)     2.30     (ab) 

3 (top)       5.29    (b) 858     (b) 679    (b)     42.0     (b)     2.49     (b) 

LSD (P=0.05)       0.19   46.7   30.4       2.7     0.11 


Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 

 

 

 Treatment Ascorbic acid (mg g
-1

) Citric acid (mg g
-1

) Oxalic acid (mg g
-1

) 

 (30 fruits) winter spring winter spring winter spring 

D
W

 

Control 4.09   (a)
*
 4.64   (a) 83.5    (a) 65.18  (a) 7.78      (a) 3.48     (a) 

BTH 4.38   (ab) 4.74   (a) 91.3    (b) 63.87  (ab) 9.06      (b) 4.03     (a) 

CMV 4.62   (b) 6.48   (b) 89.0    (ab) 60.34  (b) 7.24      (a) 3.99     (a) 

BTH+CMV 5.18   (c) 4.56   (a) 98.5    (c) 61.24  (b) 9.44      (b) 3.92     (a) 

 LSD (P=0.05) 0.24 0.22   3.2   1.93 0.49 0.3065 

F
W

 

Control 0.207  (a) 0.279  (a)   4.22  (a)   3.92  (a) 0.395  (ab) 0.209  (a) 

BTH 0.219  (a) 0.279  (a)   4.39  (a)   3.77  (ab) 0.440  (ac) 0.242  (a) 

CMV 0.223  (a) 0.381  (b)   4.30  (a)   3.56  (b) 0.356  (b) 0.235  (a) 

BTH+CMV 0.258  (b) 0.282  (a)   4.90  (b)   3.80  (ab) 0.470  (c) 0.242  (a) 

 LSD (P=0.05) 0.010 0.014   0.16   0.14 0.028 0.020 
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Table 6.12. Spearman’s rank correlation coefficient between ascorbic acid and lycopene or β-

carotene in winter cultivation and with antioxidant capacity in spring cultivation (P < 0.05). 

 Lycopene 

DW 

Lycopene 

FW 

β-carotene 

FW 

Antioxidant 

capacity DW 

Antioxidant 

capacity FW 

 winter winter winter spring spring 

Ascorbic acid DW < 0.6
*
 < 0.6 < 0.6 0.76 < 0.6 

Ascorbic acid FW 0.65 0.67 0.66 0.71 0.69 
*
Value > 0.6 and close to 1 means good correlation between the two elements 

 

 

6.3.2.5 Carotenoids 

The carotenoids content of tomato fruits was quite different between the two 

experiments, with the samples of spring cultivation having lower values of trans-

lycopene and β-carotene versus winter. For lycopene the reduction was 12% for BTH 

treatment, 23% for both CMV treatment and healthy control, and 34% for 

BTH+CMV treatment, while for β-carotene the reduction was 21% for BTH 

treatment, 20% for CMV treatment, 36% for healthy control, and 53% for 

BTH+CMV treatment (Table 6.13). 

In both experiments fruits of control treatment presented the lowest carotenoid 

quantity compared to the other three treatments. Thus, trans-lycopene in fruits of BTH 

treated plants was significantly increased by 26.3% on DW basis and 20.3% on FW in 

winter cultivation and by 44.8% on DW and 42.2% on FW in spring versus fruits of 

healthy control plants. In tomatoes of CMV treatment a 24% increase on trans-

lycopene was observed on DW basis and 18.3% on FW in winter experiment and 

24.6% on DW and 22.6% on FW in spring compared to control. Lycopene was also 

raised in fruits derived from BTH+CMV treatment by 33.9% on DW and 31.6% on 

FW in winter and by 15.7% on DW and 18.6% on FW in spring against control. 

Similarly, β-carotene concentration was increased in samples of BTH 

treatment by 35.4% on DW basis and 31.1% on FW in winter experiment and by 

67.8% on DW and 63.7% on FW in spring. CMV treatment raised β-carotene content 

in tomato samples by 17% on DW in winter and by 45.9% on DW and 42.8% on FW 

in spring compared to healthy control fruits. Tomato samples from BTH+CMV 

treatment also contained 55.9% on FW and 56% on DW more β-carotene in winter 

and 15.1% on DW and 17.4% on FW in spring than control. 
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A positive Spearman’s rank correlation between lycopene and β-carotene was 

revealed for both experiments as shown in Table 6.14. Moreover, lycopene and β-

carotene of winter cultivation presented significant Spearman’s rank correlations with 

ascorbic acid (Table 6.12). The concentrations of lycopene and β-carotene in spring 

or winter experiment were affected by the fruit position on the plant, regardless of the 

treatment, as shown in Table 6.11. The primary fruits had higher concentration of 

lycopene than secondary and significantly higher (by 13.7% on DW and 15% on FW) 

than tertiary in winter experiment. In spring experiment, lycopene concentration of 

primary fruits was also significantly higher than secondary and tertiary (by 9.2% and 

10.7% on DW respectively). As regards β-carotene, the primary fruits had lower 

concentration of this compound than secondary and significantly lower than tertiary 

(by 12.3% on FW) in winter cultivation. 

 

 

6.3.2.6 Antioxidant capacity 

The antioxidant capacity measured in tomato pericarp was affected by the 

season of cultivation, as in all treatments its values were higher in spring compared to 

those in winter by 25.2% on DW basis and 53% on FW for BTH treatment, 30.9% 

and 59.7% for CMV, 31.6% and 56.3% for healthy control and 45.2% and 79.8% for 

BTH+CMV respectively. 

Referring to the different treatments, the antioxidant capacity was significantly 

increased in fruits of CMV treatment for both experiments and of BTH+CMV 

treatment in spring experiment (Table 6.13, Figure 6.8). In winter, CMV treatment 

enhanced the antioxidant capacity of fruits by 21.6% on DW and 15.9% on FW, while 

in spring by 21% on DW and 18.4% on FW compared to healthy control fruits. 

Furthermore, in spring cultivation BTH+CMV treatment increased the antioxidant 

capacity of fruits by 13.4% on DW and 16.7% on FW versus control. Significant 

Spearman’s rank correlation was observed between antioxidant capacity and ascorbic 

acid (Table 6.14). 
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Table 6.13. Effect of BTH application and/or CMV4 infection on the concentration of lycopene 

and β-carotene and the antioxidant capacity of tomato fruit of hybrid Delos, expressed per dry 

weight (DW) and per fresh weight (FW). 


Different letters in brackets within columns indicate significantly different values (P < 0.05) 

 

 

 

Table 6.14. Spearman’s rank correlation coefficient between lycopene and β-

carotene in winter and spring cultivation (P < 0.05). 

 β-carotene DW β-carotene FW 

 winter spring winter spring 

Lycopene DW 0.66
*
 0.64 0.83 0.60 

Lycopene FW < 0.6 0.55 0.66 0.64 
*
Value > 0.6 and close to 1 means good correlation between the two elements 

 

 

 

 

 

 

 

 

 

 

 Treatment Lycopene (μg g
-1

) β-carotene (μg g
-1

) Antioxidant capacity  

(μΜ ΤΕ g
-1

) 

 (30 fruits) winter spring winter spring winter spring 

D
W

 

Control   763    (a)

 585       (a) 37.5    (a) 23.9    (a) 32.2    (a) 42.4    (a) 

BTH   964    (b) 847       (b) 50.7    (b) 40.2    (b) 33.8    (a) 42.3    (a) 

CMV   946    (b) 729       (c) 43.8    (c) 34.9    (c) 39.2    (b) 51.3    (b) 

BTH+CMV 1022    (b) 677       (c) 58.4    (d) 27.6    (d) 33.1    (a) 48.1    (c) 

 LSD (P=0.05)    53.9   35.1   2.8   1.5   1.1   1.5 

F
W

 

Control    38.9  (a)   35.1  (a)   1.9  (a)   1.4  (a) 1.6    (a)   2.6   (a) 

BTH    46.8  (b)   50.0  (b)   2.5  (b)   2.4  (b) 1.6    (a)   2.5   (a) 

CMV    46.0  (b)   43.1  (c)   2.1  (a)   2.1  (c) 1. 9    (b)   3.0   (b) 

BTH+CMV    51.2  (b)   41.7  (c)   2.9  (c)   1.7  (d) 1.7    (a)   3.0   (b) 

 LSD (P=0.05)     3.065     2.2   0.1   0.08 0.06   0.1 
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Figure 6.8. A representative sample of each treatment [healthy (Control), CMV4 

inoculated and infected (CMV), BTH treated (BTH), BTH treated and CMV 

inoculated (BTH+CMV)] of both experiments (A: samples of winter cultivation, B: 

samples of spring cultivation) for the measurement of the antioxidant capacity by the 

use of 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging. Each reaction 

mixture was incubated in darkness for 60 min at room temperature (25°C) and then its 

absorption was measured using a spectrophotometer (M501 UV/Vis 

Spectrophotometer, Camspec, Cambs. UK) at 515 nm. The different total antioxidant 

content among samples is evident from the changed colour. CMV samples of both 

cultivations and BTH+CMV sample in spring had significantly increased antioxidant 

capacity compared with the others treatments. 

 
  Control        BTH       BTH+CMV        CMV   

 
Control              CMV                 BTH       BTH+CMV 

A B 
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6.4 Discussion 

 

6.4.1 CMV infection of tomato test plants 

All plants of CMV treatment were infected for both experiments, however 

there were differences in the onset of the disease, the symptom appearance after 

inoculation and the recovery tendency regarding the growth season. Indeed, 

environmental conditions such as season of the year with temperature or light 

variations are mentioned to affect the efficiency of virus infection and the symptom 

development (Matthews, 1991; Balogun, 2009). 

Thus, in the winter experiment (August 2009 - January 2010), some plants of 

CMV treatment did not manifest symptoms and 60% showed recovery in the longer 

term (70 dpi). The remaining 40%, which remained infected, were equally divided 

between the two cabins in the glasshouse (two plants out of five in each cabin, Figure 

6.1). On the other hand, in spring (January - June 2010), all CMV inoculated plants 

remained infected until the end of the experiment, presented severe yellow and green 

mosaic symptoms in the short run and became stunted. Moreover, their leaf area was 

slightly reduced and curled downward compared to healthy control plants. 

Balachandran et al. (1997) suggested that virus infections may have greater 

effect and be more strongly expressed symptoms in high light environments than in 

shaded conditions. Moreover, Handford and Carr (2007) demonstrated that virus 

infected wild-type Arabidopsis thaliana plants with CMV, Turnip vein-clearing 

(TVCV) or Cauliflower mosaic virus (CaMV) grown under continuous light, 

exhibited more severe leaf symptoms compared with plants grown under diurnal 

illumination. During the spring experiment light intensity was higher compared to 

winter, due to the sun light, independently of the additional given illumination. So, 

probably due to different light quality between the two seasons, in spring all plants of 

CMV treatment showed severe symptoms, while in winter some of them were 

symptomless. 

ELISA tests revealed that all plants of CMV treatment were infected in newly 

emerged leaves as late as 38 dpi in winter experiment, when plants were inoculated 

during hot period (28 August 2009, with minimum temperature 23.6°C and maximum 

30.4°C), and in less than 28 dpi in spring experiment, when plants were inoculated in 

colder period (27 January 2010, minimum temperature 16.6°C and maximum 20.2°C) 
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(Figure 6.4). These results are in accordance with Balogun (2009) who showed that 

the appearance of PVX symptoms in tomato plants (cv. Fukuju No.2) was earlier in 

plants inoculated with the virus in winter (5 dpi) compared to that inoculated in 

summer (20 dpi). In the first experiment described in chapter 5, aiming at fruit 

production of CMV infected tomato plants (October 2008 - April 2009) all plants 

were infected within 25 dpi, as was determined by ELISA (Table 5.8). In that case the 

inoculation took place also at a rather cool period (23 October 2008, with minimum 

temperature 18.6°C and maximum 23.3°C). 

These data indicate that CMV4, which was used in all these experiments, was 

favoured in medium ranged temperatures (at about 20°C) in order to be established, 

propagated and become systemic in tomato plants of hybrid Delos. There are studies 

demonstrating that high temperature inactivates CMV. Walkey (1976) indicated that 

CMV could not be detected in Nicotiana cultures at 32°C, was detected at 28-30°C 

but resulted in a partial recovery, and remained highly infective at 22°C. Nono-

Womdim et al. (1991) showed that the multiplication and migration of CMV from the 

inoculated leaf lamina to the petiole of three pepper varieties was affected by plant 

genotype and temperature. One variety (Yolo wonder) was systemically CMV 

infected regardless the season, the other (Milord) was systemically infected during the 

winter, while it was not infected during the summer, whereas in the third variety 

(Vania), CMV was not detected beyond the inoculated leaf during both seasons. In 

addition, Kaper et al. (1995) studied the effect of temperature on the response of 

tomato to infection with four strains of necrogenic CMV and proved that at 24°C 

lethal necrosis was observed, while at 32°C the response varied for the different 

strains from total absence or reduction of necrosis to an accelerated necrotic response. 

Celebi-Toprak et al. (2003) revealed that potato plants were resistant to systemic 

CMV infection when grown at low temperature (24°C) and became infected at higher 

temperature (30°C). Temperature may have various effects on CMV infection. 

According to the above references and to Kyriakopoulou et al. (2000) the incubation 

period of a virus in a plant depends on many factors such as temperature, virus strain, 

inoculum dosage and plant genotype and development stage at infection time. 

Almost all plants of BTH+CMV treatment were symptomless throughout both 

experimental periods. ELISA tests showed that in winter experiment only 20% of 

plants were infected in their uppermost leaves at 27 dpi. Actually one plant out of five 
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was infected in each of the two cabins in the glasshouse and remained infected till 38 

dpi, while at 48 dpi and then both showed recovery. In the spring experiment, 20% of 

plants were infected at 28 dpi, increased to 30% at 48 dpi and reached 40% at 63 dpi 

till the end, without any recovery (Figure 6.6). At that time, infected plants were not 

equally divided between the two cabins, as one plant out of five was infected in the 

first cabin and three out of five in the second one. The induced or acquired resistance 

in plants by chemical compounds, like BTH, mainly reduces disease extent or severity 

and rarely prevents it from occuring (Hammerschmidt et al., 2001). So in both 

seasons, weekly BTH application enhanced plants to resist CMV infection at a rate of 

80% (eight plants out of ten) on the 27
th

-28
th

 dpi. 

These results are in line with that of first year experiment of this study, where 

tomato seedlings of hybrid F1 Clodin were mechanically inoculated with the same 

strain of CMV and BTH was applied weekly. Then it was shown that 85.2% (23/27) 

of plants remained uninfected at 22 dpi, while all plants of CMV treatment had 

already been infected. As mentioned in previous chapters, the first evidence that BTH 

protected tomato plants against CMV-Y was provided by Anfoka (2000). Analogous 

results were obtained in that case, as it was demonstrated that one application of BTH, 

as a soil drench, reduced the disease incidence by 86.4% compared with inoculated 

but BTH untreated plants. In particular, 12.5% of inoculated and BTH treated plants 

were CMV-Y infected at 21 dpi, when the corresponding percentage of inoculated 

untreated plants was 91.7%. 

Consequently, all the above mentioned experiments, refering to the effect of 

BTH application on CMV infection, concluded that BTH restricted CMV infection by 

80% and above, for 21-28 dpi. However, in spring experiment the rate of uninfected 

BTH+CMV treated plants was reduced to 60% at 63 dpi. As it was mentioned above, 

in spring CMV was favoured from environmental conditions, its multiplication rate 

was higher and BTH effectiveness was still existent but lower compared to winter. 

Terry and Joyce (2004b) first considered the influence of growing conditions on 

efficacy of BTH to suppress grey mould (caused by Botrytis cinerea) on strawberry 

fruit. They concluded that BTH efficacy may depend on environmental conditions, as 

it was effective in reducing incidence of this fungus in winter experiment, but 

ineffective in two summer experiments. 
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An IC-PCR was performed as an alternative approach to verify the ELISA’s 

results referring to CMV presence in BTH treated plants. IC-PCR, one of the most 

accurate and highly sensitive detection methods, was conducted, in order to avoid 

overestimation of the BTH effectiveness in case there was virus in new emerged 

leaves below ELISA detection limits. The results of both methods absolutely 

coincided, thus, estimation of CMV infection based mainly on ELISA and partly 

supported by IC-PCR was considered reliable. For this reason in all fruit samples 

derived from CMV and BTH+CMV treatments only ELISA tests were conducted, as 

it is comparatively inexpensive versus IC-PCR. 

The three selected fruit samples, developed on different trusses, had 

marketable appearance for all treatments, in both experiments. So, ELISA tests were 

necessary to be conducted on samples of CMV and BTH+CMV treatments, in order 

to determine CMV presence. In winter cultivation ELISA showed that all plants of 

CMV treatment produced infected fruits, although 60% of them showed recovery. 

Thus, 63.3% (19/30) of samples from CMV treatment were infected and each plant 

had from one to three out of three infected fruits. This result was possible, as virus 

concentration tends to be much higher in fruit than in the other plant parts (Varveri, 

personal communication). Gallitelli (2000) mentioned that rarely farmers may be 

unaware that their tomato cultivation is CMV infected until the fruits ripen, because, 

although foliage and plant growth seem normal, fruits are unmarketable and have 

internal symptoms. On the other hand, none of the selected samples of BTH+CMV 

treatment was infected in winter, although 20% of plants were infected and then 

showed recovery. In spring cultivation when CMV infection was more severe, all 

harvested fruit samples (30/30) of CMV treatment were infected. In BTH+CMV 

treatment only 13.3% (4/30) of sample fruits were infected during spring. Each one of 

the four infected plants of this treatment produced one infected sample out of three, 

particularly the one derived from the first truss. In contrast to CMV treatment, where 

in both seasons a high percentage of infected fruits were produced, BTH+CMV 

treatment minimized the production of infected fruits. This means that BTH enhanced 

the resistance against CMV in tomato plants and in their produced fruits. 

It is possible that the recovery observed in plants of CMV treatment in winter 

experiment might have been due to natural resistance of plants, but if that effect was 

present, it was relatively less than the acquired resistance derived from BTH 
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application. In the spring season, when virus fitness was higher than in the winter, the 

effect of natural resistance may have been short-lived, diminished or non-existent, 

allowing all plants to become systemically infected, while acquired resistance by the 

plant activator BTH again suppressed CMV. 

 

 

6.4.2 Impact of BTH application and/or CMV infection on tomato plant 

growth, fruit morphology and production of hybrid Delos. 

Plants were regularly monitored to record visible differences such as general 

plant appearance (plant height, number of leaves and stem diameter) or symptoms 

occurrence. Although it was prohibitive to use a completely randomized design, as 

already mentioned above (in section 6.2), care was taken to minimize differences in 

plant growth by placing plants of each treatment in different positions for each of the 

two experiments (Figures 6.1 and 6.2). Thus, there is little likelihood the results 

observed in plant morphology to be related to plant position in the greenhouse. 

Moreover, the recorded temperatures during all experiments were within the ideal 

range, 20-27°C per day and 14-20°C per night (Olympios, 2001), required for 

beneficial growth of tomato plants, with few exceptions in upper limits during August 

(30°C in winter cultivation) and June (32°C in spring cultivation). 

In both seasons, the healthy control treatment had significantly taller plants 

than the other three treatments. The height of healthy control plants was almost 

uniform, leading in mean heights with the smallest s.d. numbers (ranged from ± 0.5 to 

± 6 cm in winter, and from ± 0.9 to ± 5.9 cm in spring). During spring experiment 

plants of all treatments presented slower rate of growth in height, probably due to the 

received light quality (more vivid sun light in spring compared to winter, led to less 

auxin production and shorter internodes). So, in spring, plants were shorter than that 

of respective treatment in winter cultivation and healthy control plants needed ten 

more days in order to reach the height of 2.3 m and be topped compared to winter 

(Figure 6.4 A and B). 

Plants of both experiments were provided with one more nutrient solution, 

based on potassium (K, in form of KPO4), compared to the previous experiment 

(October 2008 - April 2009), in order to blossom earlier, with ultimate purpose of 

shortening time of the experiments duration. Indeed, Ryan et al. (1972) examined the 
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effects of varying K and nitrogen (N) fertilization on the growth of tomato plants 

under different seasons and found a positive and significant response of plant dry 

weight and creation of first truss flower to increasing K, but negative response to 

increasing N especially in winter. So, in these experiments plants of both cultivations 

obtained the necessary number of trusses one month earlier and were topped at 2.3 m 

in contrast with the plants of previous experiment, which were topped at 2.5 m.  

In both experiments, the height of plants of CMV treatment was significantly 

lower than that of healthy control plants. Based also on results of previous experiment 

investigating the impact of CMV4 on tomato plants of hybrid Delos (October 2008 - 

April 2009, Figure 5.6) it emerges that plants of CMV treatment were significantly 

shorter than healthy control plants, which is in line with known CMV 

symptomatology (Miteva et al., 2005). 

The application of BTH, regardless of the CMV inoculation, resulted in 

statistically significant reduction of plant height (Figure 6.4 A, B) and visible 

reduction of leaf area (Figure 6.3) compared to healthy control plants. Single BTH 

effect on plant growth was more pronounced in spring than in winter. Moreover, 

plants of BTH+CMV treatment presented significant lower height compared to 

healthy control plants and compared to BTH treated plants. 

Anfoka (2000) equally demonstrated that CMV-Y significantly reduced the 

plant length of tomato plants versus both healthy control and BTH treated plants, but 

also showed that BTH did not affect the plant growth compared to healthy control 

plants. This discrepancy is probably due to the different application method of BTH, 

because Anfoka applied it once as soil-drench, while in current study it was applied 

continuously (weekly, twelve times) as a foliar spray. 

On the other hand, and in accordance with results of this study, Godard et al. 

(1999) noticed plant growth reduction concerning the plant height and the leaf width 

and length of BTH sprayed and downy mildew inoculated cauliflower plants (F1 

hybrid Billabong) compared to untreated and inoculated plants. They tested many 

different BTH concentrations (0.0015-0.25 mg a.i./ml) and in all experiments, it was 

recorded a dose-dependent growth reduction (5.9%-38.3%). Louws et al. (2001) also, 

observed that BTH treated tomato seedlings were smaller than untreated plants in 

greenhouse experiments. Furthermore, Mandal et al. (2008) noted that BTH caused 

significant reduction on flue-cured tobacco plant height, while Nischwitz et al. (2008) 
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assessed from 3 to 10 cm differences in height between BTH treated and untreated 

flue-cured tobacco plants. Gondim et al. (2008) examined three different 

concentrations of BTH on melon seedlings and all plants showed stunted growth in 

comparison with untreated. 

The same trend as observed for plant height was recorded for stem diameter 

(Table 6.1). Healthy control plants had significantly thicker stems than plants of the 

other three treatments. Growth season did not significantly influence the stem 

thickness of healthy control and BTH treated plants, but influenced the stem thickness 

of CMV inoculated plants regardless of BTH application. In both seasons, virus 

inoculated plants, either of CMV or BTH+CMV treatment generally had the thinnest 

stems and during spring there was no significant difference between them. Besides, in 

spring experiment when the environmental conditions favoured CMV development, 

CMV and BTH+CMV treatments presented lesser values of stem diameter compared 

to the respective values in winter. These results coincide with those of previous 

experiment (October 2008 - April 2009, Table 5.1) and that of Balogum (2009) with 

tomato plants infected with PVX and/or TMV during winter and summer seasons. 

The increase in the number of leaves per plant was recorded with passing of 

time and was almost the same in all treatments regardless of the growth season (data 

not shown). Hence, in spring cultivation plants of each treatment not only were 

shorter, but also had shorter internodes compared to plants of the same treatment in 

winter. Moreover, in both experiments plants of CMV treatment, especially the 

systemically infected, were characterised by a marked shortening of the internodes 

that gave a compact and bushy appearance compared to plants of all other treatments. 

Thereafter, BTH+CMV treatment had the shortest internodes, followed by plants of 

BTH treatment and finally healthy control plants were ranked with the highest 

internodes. 

Comparison of the number of living leaves among treatments showed that 

plants of both treatments with BTH application had the lowest number of leaves, 

because around two to four leaves of the bottom wilted. This unsatisfactory result may 

have happened due to toxicity, although BTH is promoted as safe and non-phytotoxic 

plant protector (Benhamou and Bélanger, 1998) and rare reports of harmful BTH 

effect on plant growth are published (Terry and Joyce 2000; Louws et al., 2001; 

Abbasi et al., 2002; Perez et al., 2003). Ishii et al. (1999) in agreement with results of 
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current study, noticed phytotoxicity such as chlorosis, browning or mosaic formation 

on first BTH treated leaves of cucumber plants, reporting that the level of toxicity was 

variable according to the environmental conditions such as light or temperature. BTH, 

also, presented phytotoxicity in one week old cantaloupe seedlings (Smith-Becker et 

al., 2003) and phytotoxic symptoms such as white necrotic lesions on treated leaves 

of flue-cured tobacco (Mandal et al., 2008). 

Moreover, BTH application and/or CMV infection led to reduced root mass 

regardless the growth season. Though the root reduction was not estimated, it was 

more pronounced in plants of CMV treatment compared to those of BTH or 

BTH+CMV treatments. The negative effect of CMV on tomato roots was also 

observed in the previous experiment (October 2008 - April 2009). Miteva et al. 

(2005) demonstrated that CMV infection limited the growth of tomato roots and they 

presented elements referring to root length and weight reductions of CMV infected 

tomato plants versus healthy control. Regarding the effect of BTH on root 

development, Abo-Elyousr and El-Hendawy (2008) determined the influence of BTH 

and/or bacterial spot (caused by Xanthomonas axonopodis pv. vesicatoria) treatments 

on shoots and roots of tomato plants. Similarly to current study, they showed that 

BTH reduced both shoots and roots compared to healthy control plants, but improved 

them compared to bacterial spot infected plants. In particular, they assessed the FW 

and DW of tomato plants shoots and roots. Contrarily, Benhamou and Bélanger 

(1998) reported that root system of BTH treated tomato plants appeared healthy. It is 

important to note that they applied BTH as a foliar spray to tomato plants as happened 

in current study, but once and not repeatedly. 

Fruit yield based on total crop weight of ripened fruits, marketable and not, in 

plants of CMV treatment was reduced compared to healthy control for both seasons. 

In contrast, the number of all ripened fruits of CMV treatment for both experiments 

was increased compared to the other three treatments. This fact is in accordance with 

the first experiment (October 2008 - April 2009) where the fruit number of CMV 

treatment was slightly increased compared to healthy control. However, it is in 

contrast with literature, where it is reported that CMV infected tomato plants produce 

few fruits (Conti et al., 1996; Šutić et al., 1999; Cerkauskas, 2004; Agrios, 2005). 

Balogun and Daudu (2007) reported that the rate of flower abortion was higher in 
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CMV inoculated tomato plants and this led to poor yield, but a similar effect was not 

observed in experiments of this study. 

Moreover, Gallitelli (2000) reported that tomato yield was drastically reduced 

due to CMV consisted of unmarketable, few, small and unevenly mature fruits. In the 

current study, the unmarketable fruits reached the 24% of all ripen fruits of CMV 

treatment in winter cultivation and the 46% in spring. This statement is reducing still 

more the yield and the number of marketable fruits compared to healthy control 

plants. In terms of the interactive effect of season and virus infection, the CMV 

treatment presented less marketable fruits in spring experiment compared to winter, 

although the total, marketable and not, fruit production was higher. Analogous values 

with those of the winter cultivation occured for the previous experiment (October 

2008 - April 2009). 

The number of ripened fruits in BTH treated plants and their weight were 

reduced compared to healthy control plants. The highest losses in total fruit number 

and in yield weight were generally recorded in both CMV inoculated and BTH treated 

plants. However, both BTH treatments produced marketable fruits, with exception of 

only two fruits of BTH+CMV treatment with CMV symptoms in spring cultivation. 

These fruits were produced in the first truss of two different plants out of the four 

infected, and were divided between the two cabins.  

Taking into account only the marketable fruits the deduction is that CMV 

treatment produced less fruits compared to all the other treatments in spring 

experiment, less fruits compared to healthy control and more fruits compared to BTH 

and BTH+CMV treatments in winter. 

The weight of sample fruits showed that the growth season had influence on 

fruit size. In spring, the mean weight and all measured fruit dimensions, as well as the 

total number of ripen fruits of each treatment were higher compared to the respective 

values in winter crop (Tables 6.2, 6.3 and 6.4). Balogun (2009) reported the same 

trend of higher tomato yield and average fruit weight in summer cultivation compared 

to winter. 

Analysis of variance of fruit measured parameters showed that fruits of 

healthy control plants significantly differed from those of virus inoculated and/or 

BTH treated, exactly as happened with plant growth parameters. That is, fruits of 

healthy control plants had higher values compared to the others. Considering the 
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CMV and/or BTH effect on fruit size, fruits of BTH treatment had the highest values 

in both seasons. In winter cultivation fruits of BTH+CMV treatment had the lowest 

values, while in spring fruits of CMV treatment had the lowest values.  

Tests for correlations between mean values of weight, morphological 

measurements and analyte concentrations of tomato fruits were made using 

Spearman’s rank correlation. In accordance with the results of previous experiment 

(October 2008 - April 2009) many significant (P < 0.05), strongly positive 

correlations (in the majority r
2
 was more than 0.95) among fruit weight and 

morphological characteristics were found in both experiments (Table 6.8). Similarly 

to the previous experiment, there was not any significant treatment-fruit position 

interaction or treatment-glasshouse cabin interaction for all variables assessed and for 

both growth seasons. 

BTH application and/or CMV inoculation do not cause any significant 

difference in the ratio of DW/FW for pericarp of tomato fruits in each experiment 

separately. In the three experiments fruits of CMV treatment had the lowest values of 

DW/FW compared to the other treatments, though without statistical significant 

difference. 

Weather may have contributed to increased fruit size, yield and proportion of 

DW/FW of pericarp in spring experiment compared to winter. Indeed, Adams et al. 

(2001) demonstrated that temperature affected the rate of tomato fruit growth in 

volume; in particular low temperatures reduced fruit volume. Additionally, in spring 

cultivation, particularly in May and June, with higher temperatures and more intense 

sunlight, the required rates of water containing the essential nutrients were increased 

and according to Chen and Inbar (1993) this beneficial uptake, positively affected 

plant growth and physiology. Probably this happened because of the improved 

absorbance of water with nutrients, followed by enhanced photosynthetic process and 

consequently by intensive plant and fruit growth, leading also to increased DW/FW 

rate. 

The days that tomato fruits needed to ripe after flower opening was measured 

as DAA and it was observed that in spring experiment fruits of healthy control plants 

and of BTH treatment ripened in almost 2.5 and one less days respectively compared 

to winter (Table 6.5). This is possibly explained by the slightly higher temperature 

that occurred at fruit formation in spring versus winter. According to Hurd and Graves 
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(1985) temperature has a considerable effect on the time of fruit maturation. 

Especially for tomatoes, Adams et al. (2001) demonstrated that low temperatures 

increased the time that flowers need to be converted into ripe fruits. They tested many 

diferent temperatures (14-26°C) and a temperature dependent fruit ripening (95-42 

DAA) was recorded. Contrarily, fruits of CMV and BTH+CMV treatments ripened in 

almost two and 1.5 more days respectively in spring compared to winter. This 

probably occurred because the CMV infection was more pronounced in spring than in 

winter. 

Observations of the average number of DAA among the examined treatments 

showed that fruits of CMV treatment ripened significantly later than fruits of all the 

other treatments in both seasons. In the previous experiment (October 2008 - April 

2009) fruits of CMV treatment also needed more DAA than fruits of healthy control 

plants in order to ripen. From the results is obvious that the more infected fruits were 

selected as samples, the more DAA they needed in order to mature and consequently 

the higher differences in DAA between CMV treatment and healthy control occurred. 

Indeed, when 100%, 75% and 63.3% of fruit samples were CMV infected, the fruits 

of CMV treatment needed 59.8, 59.23 and 57,9 DAA in order to ripen respectively 

and the DAA differed from the respective healthy control by nearly 7, 4.5 and 2.5 

days. So it could be assumed that the more intense CMV infection leads to a higher 

delay in fruit maturation. 

In current study BTH induced SAR in tomato plants, as it managed to reduce 

CMV incidence in all experiments, but also caused them a fitness cost by leading to 

reduced plant growth and yield compared to healthy untreated plants, regardless of the 

season of growth and the CMV infection. There are studies showing that plants 

treated with appropriate concentrations of BTH had not detrimental effect on plant 

growth and yield, but do not clarify whether the comparison is against BTH untreated 

but diseased plants or untreated healthy plants. For instance, Friedrich et al. (1996) 

reported that diverse plants treated with BTH showed no negative crop appearance or 

yield but without citing specific published results. 

On the other hand, there are studies mentioning the negative response of BTH 

application to plant development and yield. For instance, Hammerschmidt et al. 

(2001) reviewed that wheat plants treated with BTH produced fewer lateral shoots and 

yielded a smaller amount of grain compared to untreated, and BTH treated faba bean 
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plants were smaller, with fewer root nodules than controls, but without giving more 

details about the kind of control. Romero et al. (2001) reported that intensive and 

prolonged (seven to eight weekly applications) BTH treatment on different bell 

pepper genotypes resulted in negative effect on yield, as there is a cost when induced 

resistance is expressed constitutively. 

In the present study in both experiments BTH+CMV treatment not only 

decreased CMV incidence in leaves and fruits, but also enhanced tomato plant growth 

and improved fruit appearance compared to CMV treatment. Moreover, in spring 

BTH+CMV treatment increased the yield versus CMV treatment. There are 

researchers reporting the same trend, like Görlach et al. (1996) who showed that BTH 

treatment on field protected wheat against powdery mildew infection, caused by 

Erysiphe graminis f sp. tritici, and led to ~18% increase in yield relative to untreated 

and infected plants. Hammerschmidt et al., (2001) cited that BTH was used 

succesfully against Bemisa tabaci on tomato crops and led to better yield compared to 

untreated and infected plants. Finally, Abbasi et al. (2002) showed that BTH reduced 

the incidence of bacterial spot or anthracnose on tomato fruit and increased 

marketable yield compared to untreated and infected plants. 
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6.4.3 Impact of BTH application and CMV infection on the quality of 

tomato fruits of hybrid Delos 

 

6.4.3.1 Quantification of NSCs 

Total NSCs profile of tomato fruits was different between the two seasons. In 

spring cultivation total NSCs content was increased compared to winter for all 

examined treatments. That was possibly due to increased photosynthesis in spring 

(fruits were harvested May - June 2010) versus winter (fruit were harvested late 

November 2009 - early January 2010), because of more favourable environmental 

conditions. More intense sunlight in spring versus winter, resulted in higher 

translocation of more photosynthetic compounds into the fruit and, therefore, 

increased sugar concentration. Mikkelsen (2005) reported that light has the most 

profound effect on the fruit sugar content of all the other environmental factors, 

because the more sunlight reaching the fruit, the higher sugar concentration results. 

As a consequence, Mikkelsen (2005) concluded that tomatoes grown during the 

winter months contain substantially less sugar than tomatoes grown in the summer. 

Similar results were observed by Hernández Suárez et al. (2008 b) who showed that 

tomatoes from four out of five examined cultivars, harvested from February to June 

2005 had higher mean glucose and fructose content than those harvested from 

October 2004 to January 2005. 

For both cultivations fructose was the most abundant sugar but with similar 

value to glucose. On the other hand, sucrose was below the detection limit or was 

detected in traces. All these agree with results of Loiudice et al. (1995), Hernández 

Suárez et al. (2008 b and c), and the previous experiment (October 2008 - April 2009) 

of current study. In the previous experiment the values of fructose and glucose of 

healthy control fruits were lower compared with the equivalent of these two 

experiments, although the harvest took place between winter and spring (February - 

April 2009). This might have happened due to different fertilization as concerns K 

that was additionally applied as KPO4 in the second year’s experiments. Studies have 

shown that K and phosphorus (P) nutrition have a positive effect on fruit sugar 

content (Lacatus et al., 1994; Mikkelsen, 2005). 

Referring to CMV effect on NSCs concentration it was observed that virus 

infection did not affect sucrose content, significantly reduced fructose and total NSCs 
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in both seasons, while glucose was significantly reduced only in winter experiment 

versus healthy control. Sugars in plants are produced from photosynthetic activity and 

this activity was found decreased in CMV infected tomato fruits (Georgieva et al., 

2000) and plants (Song et al., 2009) and CMV infected melon plants (Shalitin and 

Wolf, 2000). Therefore, the less photosynthetic process lead to less synthesis of NSCs 

on virus infected plants compared to healthy plants. 

Many reports mention that leaves of virus infected plants have less chlorophyll 

content compared to healthy leaves (Haider and Hossain, 1994; Akanda et al., 1998; 

Muqit et al., 2007). Particularly, Akanda et al. (1998) investigated CMV infected 

tomato leaves and found that the virus infection caused decrease in photosynthesis 

process. Further investigation from Muqit et al. (2007) in ash gourd infected with 

three different viruses showed that organic carbon was reduced from 2.46% to 

22.31% in the virus infected leaves. Indeed, there are studies which have indicated 

that carbohydrate metabolism in the source leaf was influenced by viral infection 

(Tecsi et al., 1994, 1996; Shalitin and Wolf, 2000). Particularly, as already mentioned 

in previous chapter (section 5.4.2.1), infected source leaves had reduced 

photosynthetic rate and high respiration rate leading to reduced contents of soluble 

sugars (Shalatin and Wolf, 2000). Islam et al. (2003) showed that overall sugar 

content was significantly reduced in tomato fruits infected with TYLCV. Gupta 

(2010b) investigated the effect of Soybean mosaic virus (SMV) infection on 

carbohydrate content in nodules of soybean, and showed reduction of all carbohydrate 

(reducing sugar, non-reducing sugar and starch) content in comparison to nodules of 

the healthy control plants. Similarly, fungus infection alters carbohydrate metabolism 

in plants and fruits. For instance Oke and Banjoko (1991) observed decreases in 

reducing sugars of pawpaw (Carica papaya) fruits infected with Penicillium 

digitatum or Fusarium oxysporum. 

These results did not confirm those of the previous experiment, where fructose 

was increased compared to healthy control by approximately 8% on both DW and FW 

basis and total NSCs was increased by 6% only on DW basis. One possible 

explanation for the discrepancy between the results of the two different year’s 

experiments could arise from the different number of CMV infected fruits and 

different severity of CMV fruit infection in each experiment. In previous experiment 

CMV treatment had double number of plants (20 plants versus 10 in the next two 
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experiments), 25% of fruit samples were not infected and had increased sugar content 

compared to infected fruits. Only in spring cultivation of second year’s experiment all 

fruit samples were severely CMV infected. So, the existence of not infected fruits 

may have altered the sugar concentration of CMV treatment. 

BTH treatment significantly reduced NSCs content in fruits of winter versus 

healthy control, while did not affect it in spring cultivation. This may have happened 

because in winter fruits of BTH treatment matured by more than one day earlier 

compared to healthy control, whereas in spring they matured about half day later than 

healthy control. Moreover, the reduction of leaf area due to BTH application in winter 

was more pronounced compared to spring and this obviously caused reduction in 

photosynthetic area and consequently reduction in carbohydrate content. There is no 

information on the effect of BTH application on plant or fruit sugar content to be 

compared with the results of current study. 

Similarly to BTH treatment, in winter BTH+CMV treatment significantly 

reduced all NSCs contents in fruit samples compared to healthy control. These 

reductions were higher versus reductions of BTH or CMV treatments. This could 

have happened because fruits of BTH+CMV treatment matured earlier by one day 

versus fruits of BTH treatment and significantly earlier by two and 4.5 days compared 

to healthy control and CMV treatments respectively. Moreover, CMV infection and 

BTH application may have acted synergistically referring to NSCs contents and led to 

increased reduction. 

Contrarily, in spring cultivation glucose content of BTH+CMV treatment was 

significantly increased versus healthy, while fructose and total NSCs were not 

affected. In spring experiment samples of BTH+CMV treatment needed 

approximately two and 1.5 more days in order to mature compared to healthy control 

and BTH treatments respectively, probably this is an explanation why fructose and 

total NSCs contents of BTH+CMV treatment did not differ from healthy control and 

BTH treatment and why glucose was significantly higher than all the other treatments. 

The results of sucrose were not considered since many of the values were 

below the minimum quantification limit, which was set at 4.5 mg g
-1

 on DW basis of 

sample. 
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6.4.3.2. Quantification of organic acids 

In both experiments citric acid was the predominant organic acid followed by 

oxalic, while ascorbic (without dehydroascorbic acid; DHA) was in trace amounts. 

The season of cultivation differentiated the organic acids concentrations in a uniform 

way for the four treatments. Hernández Suárez et al. (2008 a) demonstrated that the 

sampling period is more important in the differentiation of the organic acid 

concentration of tomato fruits than the cultivar, cultivation method or production 

region. 

Hence, in winter experiment citric and oxalic acid contents in fruit samples of 

all treatments were increased compared to spring, in both DW and FW bases. On the 

other hand, ascorbic acid content in winter was reduced compared to spring in DW 

and FW basis of all treatments, with the exception only of the DW basis of 

BTH+CMV treatment (Table 6.10). These results are comparable to findings of 

Hernández Suárez et al. (2008 a) who showed that tomatoes, of three different 

cultivars, harvested during October 2004 - January 2005 had higher mean 

concentrations of oxalic and citric acids and lower of ascorbic acid than tomatoes 

produced during February - June 2005. Similarly, the organic acids contents of the 

previous experiment (October 2008 - April 2009, Table 5.9) ranged more around the 

values of winter experiment than spring. 

Sugars and organic acids mainly compose the dry matter of tomato fruit 

(Vermeir et al., 2007). Specifically, nearly half of the total dry matter consists of 

glucose and fructose (Shi and Le Maguer, 2000; Yin et al., 2010). In spring 

cultivation (January - June 2010) the main organic acid, citric, of all treatments was 

quite reduced (from 20% to 38% on DW) compared to the relative treatments of the 

other two experiments (October 2008 - April 2009 and August 2009 - January 2010), 

whereas the total NSCs content was quite increased (from 18% to 40% on DW) 

respectively. Perhaps, the most plausible explanation of this result is that during 

spring the use of organic acids as respiratory substrates and their conversion to sugars 

during ripening are increased compared to winter (Islam et al., 1996). 

In spring cultivation and independently of treatment, ascorbic acid’s 

concentration presented spatial difference on DW basis, similarly to that of the 

previous experiment (October 2008 - April 2009, Table 5.11). That is ascorbic 

content tended to be significantly higher on fruits derived from the upper plant parts, 
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where exposition to direct sunlight is better than in the middle and bottom plant parts, 

where shady conditions exist. According to Venter (1997) and Dumas et al. (2003) 

direct sunlight favours the accumulation of ascorbic acid, as already mentioned in the 

previous experiment. This differentiation may have happened only in spring 

experiment, because the sunlight was more intense than in winter. 

CMV infection significantly increased the concentration of ascorbic acid in 

both cultivation periods versus healthy control. In spring, citric acid content in fruits 

of CMV treatment was significantly decreased compared to healthy control, while in 

winter it was increased but without significant difference. This may have happened 

due to the delay in fruit maturation that CMV infection provoked. This delay might 

have resulted in less total NSCs and higher ascorbic acid contents in fruits of CMV 

treatment compared to healthy control. In both seasons oxalic acid content was not 

altered by CMV treatment. This trend in general agrees with the earlier results 

(October 2008 - April 2009), where oxalic acid content in tomato fruits was not 

affected by CMV infection and ascorbic acid content was significantly increased 

compared to healthy control. But then, citric acid concentration was significantly 

increased against healthy control. 

Organic acids concentrations of fruits of BTH treated plants did not vary 

considerably compared to healthy control fruits. Only in winter cultivation oxalic acid 

content on DW basis of fruits from BTH treatment was significantly increased against 

healthy control (Table 6.10). Referring to citric acid, in winter its content in tomatoes 

from BTH treatment was significantly increased only in DW basis while it did not 

differ in FW basis versus healthy control. 

So, BTH application as a foliar spray on tomato plants did not affect any of the 

examined organic acids concentrations on FW basis of tomato fruits for both 

cultivation seasons. There is no information in literature about the effect of BTH on 

plant or fruit organic acids, except for ascorbic acid. Skłodowska et al. (2010) applied 

BTH as foliar spray on apple trees and studied its impact on ascorbic acid 2, 7 and 14 

days after treatment. They found that the ascorbic content was significantly 

diminished (from 66% to 42%) over the examined period in comparison to control, 

while total ascorbic (with DHA) was significantly reduced (by 38%) only till the 7
th

 

day after the BTH application. Although this decrease in ascorbic acid remained 

unclear, they assumed that BTH either caused enhanced utilization of ascorbic, or 
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disturbed its synthesis. Cao et al. (2011) showed that BTH treatment enhanced the 

ascorbate peroxidase (APX) activity. APX is an enzyme using ascorbic as a substrate, 

so the results of these two studies are in accordance. Taking into consideration results 

about ascorbic acid obtained by Skłodowska et al. (2010) and those of current study, 

it could be suggested that BTH may change ascorbic acid content only shortly after 

BTH application. It is known that BTH undergoes degradation in plants a few days 

after its application (Buonaurio et al., 2002), and for this reason dicotyledonous crops 

required repeated BTH applications to give long lasting induced resistance (Görlach 

et al., 1996; Cole, 1999; Morris et al., 1998; Louws et al., 2001; Romero et al., 2001). 

Particularly for tomato plants, a study was conducted by Scarponi et al. (2001) to 

investigate the fate of BTH in sprayed tomato leaves and it was found that BTH was 

rapidly transferred to apical leaves and totally disappeared three days after 

application. Since BTH application on current study took place on foliage of tomato 

plants, long before flower appearance and fruit formation, it could be presumed that 

BTH had no effect on fruit ascorbic acid concentration. 

In BTH+CMV treatment, the organic acids contents varied with the season of 

cultivation. Thus, in winter all measured acids were significantly increased, on DW 

and FW basis, compared to healthy control, whereas in spring only citric was 

significantly reduced on DW basis versus healthy control. So, in winter experiment, 

the organic acids contents were the highest of all the other treatments. This could be 

due to synergistic action of BTH application and CMV inoculation, because in winter, 

BTH treatment also presented significantly increased citric and oxalic contents versus 

healthy control, while CMV treatment in both seasons had significantly increased 

ascorbic content versus healthy control. Another explanation for the highest organic 

acids concentrations of BTH+CMV treatment, in winter experiment, could be that 

fruits of this treatment matured (based on their colour) and were harvested earlier than 

those of BTH, healthy control and CMV treatments respectively. In spring experiment 

when few fruit samples of BTH+CMV treatment were infected ascorbic acid content 

was closer to values of BTH treatment, while citric and oxalic acids contents were 

between the contents of BTH and CMV treatments. 
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6.4.3.3 Quantification of carotenoids 

Environmental conditions such as temperature, light and moisture variations 

affected the carotenoids content of tomato samples at harvest. In spring experiment, 

lycopene and β-carotene contents in fruits of all treatments were lower compared to 

winter (Table 6.13). This may be due to higher temperatures occurring during spring 

cultivation, because high temperatures have been reported to drastically reduce the 

lycopene content of tomatoes (Grierson and Kader, 1986; Ishida, 2000; Dumas et al., 

2003). Toma et al. (2008) also demonstrated that tomatoes grown at lower 

temperatures than normal had much more lycopene accumulation. Moreover, it has 

been mentioned that tomato lycopene content decreases in moisture stress (Naphade, 

1993). Though, plants were not stress irrigated, it is an absolute fact that in spring, 

especially during May and June, the depletion of the available soil moisture was 

higher than in winter. 

The concentration of lycopene in these two experiments was lower compared 

to the previous experiment (October 2008 - April 2009, Table 5.9). The reason may 

also be the different temperatures that occurred during fruit maturation in each of the 

three experiments. In the previous experiment the samples were harvested during late 

February - early April 2009 (middle temperatures: ~18-26°C), while in winter season 

they were harvested during late November 2009 - early January 2010 (low 

temperatures: ~16-23°C) and in spring season during May - June 2010 (high 

temperatures: ~25-32°C). Dumas et al. (2003) reviewed that temperature strongly 

affects lycopene concentration, as temperatures below 12°C inhibit lycopene 

biosynthesis and temperatures above 32°C stop this process, while as favourable 

temperatures are considered 22-25°C. Thus, the temperatures occurring in the 

previous experiment were more beneficial for lycopene synthesis than those of the 

current experiments. 

In both seasons, independently of any treatment, a spatial difference was found 

in lycopene concentration, with fruits derived from the lower parts of the plant having 

more lycopene (Table 6.11). This could be explained by the fact that lycopene 

production is inhibited by direct exposure to excessive sunlight (McCollum, 1954; 

Leoni, 1992; Dumas et al., 2003). Indeed, fruits derived from the top of the plant are 

more exposed to sunlight compared to those derived from the bottom, where foliage 

protects them from sun. On the other hand, in winter cultivation β-carotene content on 
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FW basis was more increased in fruits derived from upper plant parts. This probably 

implies that the exposure to more sunlight stimulates the conversion of lycopene into 

β-carotene. 

In previous experiment (October 2008 - April 2009) there was a trend towards 

increased lycopene and β-carotene in tomato fruits of CMV treatment but with 

significant difference only for β-carotene, while in current experiments there were 

significant increases for both carotenoids in fruits of CMV infected plants versus 

healthy control, except for the β-carotene content in winter and only on FW basis, 

where the difference was not significant (Table 6.13). Therefore, CMV infection 

induced a higher production of carotenoids on tomato fruits and this may be related to 

the stress that virus infection causes and increases the biosynthesis of carotenoids or 

to the increase of fruit maturation duration of infected plants compared to healthy 

control. Petrova et al. (2009) who also found increased carotenoids content in leaves 

of CMV infected pepper plants mentioned that probably the carotenoids serve in a 

protective way against virus infection. 

BTH treatment significantly increased the concentrations of lycopene and β-

carotene for both cultivation seasons and both DW and FW bases compared to healthy 

control. Moreover, BTH treatment significantly increased the β-carotene content in 

both experiments and the lycopene content in spring experiment compared to CMV 

treatment. Most of the available information about BTH impact on tomato nutritional 

value focuses on the concentration of potential health-related compounds rather than 

taste-related compounds, such as sugars and acids. So, there is at least one available 

article for the BTH effect on lycopene and especially on tomato fruits. 

Iriti et al. (2007) applied BTH (0.3 mM) post-harvest as a spray on ripened red 

tomatoes, three times during a week, and two days after the last spray lycopene 

content was measured by HPLC analysis. Lycopene was significantly increased in 

BTH treated fruits by 15.7% versus untreated. Furthermore, microscope observation 

showed that in BTH treated tomatoes the cell area occupied by lycopene crystals was 

higher and lycopene crystals appeared larger and more brilliant than in untreated 

fruits, even though these differences were not significant. The authors also concluded 

that lycopene as the major antioxidant in tomato fruits is possibly responsible for the 

resistance to grey mould that they demonstrated as a result of the post-harvest BTH 

treatment. 
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Hence, Iriti et al. (2007) demonstrated that BTH post-harvest application on 

tomato fruits significantly increased lycopene content in them, whereas in current 

study it was established that preharvest BTH application on tomato plants, long time 

before fruit formation, had the same effect on tomato fruits. It could be deduced that 

the alteration on plant metabolism that BTH caused to tomato plants, with regard to 

lycopene synthesis, was long lived. Although there is no equivalent information in 

literature for β-carotene, it is presumable for it to have the same fate with lycopene, 

because β-carotene is biosynthesized from it. 

Fruits of BTH+CMV treatment had considerably higher levels of lycopene and 

β-carotene in winter experiment on both DW and FW bases, compared with the other 

treatments. This happened, although fruits of BTH+CMV treatment were harvested 

earlier than fruits of all the other treatments and lycopene concentration is known to 

be increasing sharply over time during ripening process (Dumas et al., 2003). This 

indicates that in plants treated with BTH and then challenged with CMV, a synergistic 

action took place in respect of carotenoids accumulation resulting to their higher 

concentration compared to BTH or CMV treatments. In spring experiment the 

carotenoids contents were also significantly increased compared to healthy control, 

but β-carotene was significantly reduced compared to BTH or CMV treatments and 

lycopene was significantly reduced only compared to BTH treatment. So in spring 

experiment, BTH+CMV treatment led to diminished carotenoids content versus to 

BTH or CMV treatments, though few fruit samples of BTH+CMV treatment were 

CMV infected and the DAA that they needed to mature were increased compared to 

fruits of BTH treatment. 

Spearman’s rank correlation showed that mainly the FW of ascorbic acid was 

closely correlated with lycopene and β-carotene in winter experiment and with 

antioxidant capacity in both experiments (Table 6.12). Ascorbic acid contributes to 

the antioxidant activity of tomato fruits so it is normal to be a high correlation (r
2
~0.7) 

between them regardless of the season. Besides, in each season, lycopene and β-

carotene were strongly and possitively correlated for both FW and DW basis (Table 

6.14). This was prospective, considering that β-carotene is produced from lycopene. 
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6.4.3.4 Antioxidant capacity 

Many studies have indicated that the antioxidative system of plants under 

stress is affected leading to oxidative burst (Apel and Hirt, 2004; Gondim et al., 2008; 

Song et al., 2009; Skłodowska et al., 2010). Then plants activate the antioxidants, 

enzymes to protect their cells against oxidative damage (Shigeoka et al., 2002; Hafez 

et al., 2004; Gondim et al., 2008; Radwan et al., 2010). 

The season of cultivation had a strong influence on antioxidant content of 

tomatoes, as in spring cultivation the measured antioxidant capacity was quite 

increased in all treatments compared to winter. According to Dumas et al. (2003) it 

would be more appropriate to express the antioxidant content relative to the DW basis 

of fruits, because the main factors involved in its formation (temperature, light, water 

availability, mineral nutrients and stage of fruit development and ripening) often also 

affect the DW of the examined tissues. In the previous experiment (October 2008 - 

April 2009) the antioxidant capacity values were in nearly equal amounts with those 

of the winter experiment, since environmental conditions between them matched 

better than with those of the spring experiment. 

Some reports describe contradictory results with both induction and inhibition 

of antioxidant enzyme activities involved in free radical scavenging (Baker and 

Orlandi, 1995; Clarke et al., 2002; Hernández et al., 2001; Dumas et al., 2003). So, it 

is dangerous to justify the seasonal differentiation in antioxidant capacity of tomato 

fruits and also difficult to define the optimum environmental conditions for increased 

biosynthesis of antioxidants. Dumas et al. (2003) reviewed the environmental impact 

on antioxidant content of tomato fruits and reported that some of the factors related 

with the development of various antioxidants seem to be contradictory. For instance, 

as was shown in the current study, direct sunlight favours ascorbic acid’s 

accumulation (Tables 5.11, 6.11), whereas on the other hand, it blocks lycopene’s 

synthesis (Table 6.11). The formation of phenolic compounds requires light, like 

ascorbic acid does. Wilkens et al. (1996) demonstrated that cherry tomato plants 

grown under high light had about twofold greater phenols content than plants under 

low light. Thus, in spring experiment perhaps higher phenols accumulation occurred, 

because the natural light (sunlight) was without doubt higher than in winter and in 

previous experiment, leading to increased antioxidant capacity. 
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CMV infection substantially affected the antioxidant activity of fruits in both 

seasons. Fruits of CMV treatment had significantly higher antioxidant capacity than 

fruits of the other three treatments (Table 6.13, Figure 6.8). The result obtained in the 

previous experiment (October 2008 - April 2009) for antioxidant capacity is in 

accordance with those. Thereby, in all three experiments CMV infection provoked a 

statistical significant increase in tomato pericarp antioxidant activity compared to 

healthy control fruits, with respect to DPPH radical scavenging. Many reports 

examined the antioxidant status in several virus infected plants and concluded that 

virus infection caused increased antioxidant capacity in comparison with healthy 

plants (Técsi et al., 1996; Riedle-Bauer, 1997; Huang et al., 2006; Radwan et al., 

2006; Song et al., 2009; Radwan et al., 2010). 

No significant change of total antioxidant content due to BTH treatment was 

observed in both experiments, either on DW basis or on FW. Since in both 

cultivations lycopene and β-carotene contents in fruits of BTH treatment were 

significantly increased versus healthy control, there was a possibility for total 

antioxidant activity to also be enhanced, but this was not definite considering that 

antioxidant capacity involves many other compounds apart from carotenoids. As 

already mentioned in previous chapter the antioxidant activity in tomatoes except for 

lycopene, β-carotene, and ascorbic acid (vitamin C), which were separately measured 

in current study, arises from γ-carotene, lutein, phytoene, phytofluene, vitamins A and 

E and various phenolic compounds too (Wang et al., 1996; Martinez-Valverde et al., 

2002; Dumas et al., 2003; Chang and Liu, 2007). All these compounds are thought to 

be health-promoting factors with antioxidant properties in tomato fruits. 

Little information is available on the impact of BTH on antioxidant capacity in 

diverse fruits, while more is available referring to vegetation tissues. BTH has been 

described to be associated with accumulation and activation of phenolic compounds 

(Benhamou and Bélanger, 1998; Karjalainen et al., 2002; Terry and Joyce, 2004b). 

Soylu et al. (2003) demonstrated BTH induced resistance in tomato seedlings against 

bacterial canker. They associated the expression of induced resistance with a 

significant enhanced POX and glutathione peroxidase (GPX) activities, measured till 

ten days after BTH treatment. Skłodowska et al. (2010) examined the antioxidant 

system of BTH treated apple trees for a fortnight after treatment and found that CAT 

activity was significantly increased versus untreated control, while APX activity was 
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not affected. Cao et al. (2010) showed that during ten days of storage, postharvest 

BTH treated strawberries presented higher levels of anthocyanin and increased 

activities of enzymes correlated with the anthocyanin, flavonoid and phenylpropanoid 

pathways compared to untreated fruits. Furthermore, Cao et al. (2011) examined for 

interval of ten days, the effect of postharvest BTH treatment on radical scavenging 

capacity in strawberry fruits against DPPH and they showed that the capacity was 

significantly increased compared to untreated fruits. They also, measured the total 

phenolics and the activities of main antioxidant enzymes and demonstrated that BTH 

enhanced the antioxidant system of strawberry fruits by increasing the content of total 

phenolics, total anthocyanins and the activities of SOD, APX and glutathione 

reductase (GR). 

The main and essential difference between experiments of current study and 

that conducted by afore-mentioned scientists is the time of BTH application as regards 

the antioxidant capacity assessment. For instance, Cao et al. (2011), who also studied 

antioxidant capacity in fruits against DPPH, applied BTH postharvest in strawberry 

and they measured DPPH scavenging activity 2 to 10 days afterwards, whereas in 

current study BTH was applied as a foliar spray long time before tomato fruit 

formation and DPPH scavenging activity assessment. Soylu et al. (2003) and 

Skłodowska et al. (2010) also estimated the antioxidant alteration 5 to 10 and 2 to 14 

days after BTH treatment respectively. As already mentioned BTH is characterised by 

rapid degradation in plant tissues (Buonaurio et al., 2002), thus the accumulation and 

activation of antioxidant enzymes may be temporary. Indeed, Cao et al. (2011) 

showed that activities of SOD, CAT and GR enzymes and contents of total phenolics 

and anthocyanins increased rapidly in BTH treated strawberries till the fourth day 

after BTH application, and thereafter decreased gradually until the tenth day of the 

experiment, but still remained significantly increased compared to the relative 

measurements of untreated fruits. Similarly, Skłodowska et al. (2010) reported that 

BTH treatment substantially affected certain of the examined enzyme activities the 

first days after treatment and thereafter the activities diminished, while some of them 

on the 14
th

 day did not differ any more from the control value. 

In the same way as in BTH treatment the antioxidant activity of BTH+CMV 

treatment was significantly reduced versus CMV treatment regardless of the growth 

season. In winter cultivation none of fruit samples of BTH+CMV treatment was 
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infected, so fruits were not under virus stress conditions which could alter their 

antioxidant capacity. Perhaps for this reason in winter experiment the antioxidant 

content of BTH+CMV treatment was closer to that of BTH treatment rather than 

CMV. On the contrary, in spring cultivation few fruit samples of BTH+CMV 

treatment were CMV infected. In that case there was virus effect on antioxidant 

capacity of tomato fruits but not as intense as in CMV treatment where all fruit 

samples were infected, resulting in significant statistical difference between 

BTH+CMV and CMV treatments. 

 

 

6.5 Conclusions 

The aim of current study was to determine the influence of BTH application in 

different seasons on CMV disease, plant growth, fruit production and fruit quality. 

Analysis of the effect of season shows that in spring cultivation, CMV 

infection was more severe and prominent (100% infected tomato fruit samples and 

plants), with more pronounced symptoms and impact on fruit quantity and quality 

traits versus winter (63.3% infected fruits and 40% infected plants). On the other 

hand, in spring BTH was more effective with positive influence on fruit weight, and 

quality traits versus winter. In both seasons the acquired resistance derived from 

BTH+CMV treatment suppressed CMV, as in the end of winter experiment 

BTH+CMV treatment had no sample or plant infected, while in spring experiment 

only 13.3% of fruit samples and 40% of plants were infected. 

There was also seasonal fluctuation of fruit size and carbohydrate composition 

regardless of treatment. For instance, fruit samples of winter experiment were smaller 

than those of spring. Moreover, variation in total NSCs content even on healthy 

control samples was observed. Thus, fruits harvested in winter season (late November 

2009 - early January 2010) had lower sugar concentrations than those harvested in 

late spring season (May - June 2010), regardless the treatment. The opposite occurred 

with antioxidant capacity, carotenoids, citric and oxalic acids contents of all 

treatments, whose values were increased in winter versus spring. Ascorbic acid 

concentrations differed between the two cultivation seasons, but not in a uniform way 

for all treatments. Pieper and Barrett (2008) demonstrated that nutritional and quality 

parameters of tomato fruits vary greatly by year for the same tomato cultivar. Hence, 
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the sampling period is an important influential factor in the differentiation of the 

tomato samples according to their morphological and chemical characteristics. 

During CMV-tomato plant interactions, host metabolism might be strongly 

altered. This includes an increase in the rate of respiration, a decrease in the rate of 

photosynthesis and differentiation in the accumulation of various substances 

(Balachandran et al., 1997; Shalatin and Wolf, 2000). The results of these 

experiments referring to CMV treatment demonstrated higher total fruit number, 

diminished total weight of yield and plant growth (severe stunting, reduction of leaf 

area, stem diameter and root mass), significant delay in fruit ripening, significant 

reduced fruit mean weight and size, significantly increased ascorbic acid, lycopene, β-

carotene contents and significantly enhanced total antioxidant capacity compared to 

healthy control. 

Sugars and organic acids are important determinants of taste in fruits and 

vegetables, while carotenoids content and total antioxidant capacity indicate fruits and 

vegetables nutritional value. Taking into account that only in spring experiment all 

fruit samples from CMV treatment were infected, the conclusion could be that CMV 

infection caused deterioration in fruit taste by the significant reduction of total NSCs 

and citric acid concentrations, but also raised their nutritional value by the significant 

increase of antioxidant capacity, ascorbic acid, lycopene and β-carotene contents 

compared to healthy control. 

BTH treatment significantly reduced fruit sample weight and size only in 

winter experiment against healthy control. Concentration of essential nutrients such as 

ascorbic acid and total antioxidant capacity in fruits of BTH treated plants did not 

differ from those in fruits harvested from healthy control plants. Furthermore, for both 

cultivation seasons, the accumulation of carotenoids in fruits of BTH treated tomato 

plants was found higher compared to healthy fruits. 

BTH, as a systemic inducer of resistance in plants, resulted in reduction of 

disease severity. Both foliar and fruit CMV disease was significantly lower in 

BTH+CMV treated plants than in the CMV treatment regardless the growth season. In 

winter the effect of BTH+CMV treatment on tomato plants ranged more around the 

relative values of BTH treatment, while in spring approached those of CMV 

treatment. The opposite occurred for the tomato fruit morphological characteristics. 
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This study clearly showed that BTH application, independently of any kind of 

infection, reduced the growth of the hybrid Delos tomato plants. Nevertheless, there is 

a hypothesis saying that there is an enhanced fitness in BTH treated plants if parasites 

are present but a reduced fitness when parasites are absent (Baldwin, 1998; Romero et 

al., 2001), suggesting that induced resistance has unavoidably an inherent cost. 

Indeed, the results of both experiments indicated that BTH could be used to 

reduce CMV incidence in tomato, however BTH application is not without its risks as 

the induced resistance showed negative effect on the tomato plants with respect to 

growth inhibition as well as reduction of yield and some quality traits of harvested 

fruits compared to healthy control. The metabolic processes which are changed due to 

BTH application might be the cause of yield reduction and quality deterioration of 

tomato. On the other hand, it is worth mentioning that BTH+CMV treatment not only 

decreased CMV incidence in leaves and fruits, but also slightly enhanced tomato plant 

growth and improved fruit appearance compared to CMV treatment. 
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CHAPTER SEVEN 

 

General discussion and conclusions 

 

 

7.1 General discussion 

Greek horticulture is characterized by a great diversity of annual crops of high 

commercial value, among which tomato (Lycopersicon esculentum Mill.) is 

particularly important. The aphid borne Cucumber mosaic virus (CMV) is one of the 

most important factors limiting tomato production worldwide, Greece included, as it 

can completely destroy the crop. A direct control method for the suppressing viral 

diseases is not yet available and their control is only based on preventive measures of 

questionable effectiveness. 

This study was carried out to determine the efficacy of pyraclostrobin and 

BTH in reducing the mechanically or aphid-transmitted CMV incidence in tomato 

under greenhouse conditions. The results comprise the first evidence that BTH plant 

activator could be valuable to the tomato cultivation against a Greek CMV isolate. So 

it was confirmed that BTH was capable of inducing SAR in tomato seedlings against 

CMV, even under the virus natural mode of transmission by aphids. On the other hand 

pyraclostrobin was ineffective. 

Therefore BTH was chosen for further investigation and it was established 

beyond doubt that BTH repeated application, as a foliar spray suppressed CMV 

infection on tomato plants and fruits during either winter or spring cultivation. Results 

clearly demonstrated that independently of growth season, carotenoids content was 

substantially increased in fruits of BTH and/or CMV treated plants than healthy ones. 

It was also shown that BTH induced resistance, in the absence of virus pressure, did 

not modify the antioxidant capacity, NSCs and organic acids profiles in tomato fruit. 

Thus, tomato growers would be interested to use BTH, as it can play an important role 

in suppressing CMV and reducing economic losses from this virus infection to 

tomato, with increasing the health-related compounds of fruits and additionally 

without affecting the taste-related compounds. 
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In current study, the suppressive effect induced by BTH against CMV 

declined during the winter season and enhanced during the spring season. The 

protective effects of BTH against diverse pathogens cannot be taken for granted, 

because the SAR efficacy induced by BTH on a particular crop depends on a number 

of variables such as environmental conditions, dose and frequency of BTH 

application, the pathogen, the host genotype, and in some cases, the growth stage of 

the plant (Vallad and Goodman, 2004). Moreover, growers, who have the intention to 

use chemical inducers of SAR, like BTH, should know that this kind of plant 

activators rarely prevent a disease from occurring but usually reduce its extent or 

severity. 

BTH treated and CMV inoculated plants presented enhanced tomato plant 

growth and improved fruit appearance compared to CMV treatment. However the 

BTH treatment, regardless virus infection, caused reduction in vegetative tissue and 

crop as compared with the healthy control plants. Although more studies needed to 

more accurately determination of BTH effect on plant growth and fruit production, 

from the present results it can be concluded that the induction of resistance by this 

abiotic elicitor reflected an inherit cost in overall plant growth. This cost is probably 

caused by a competition between de novo production of compounds leading to 

pathogen resistance and those proteins that are involved in growth related processes 

(Heil et al., 2000). Indeed, defence against several pathogens associated with 

constitutive production of secondary metabolites. Production of these compounds not 

only diverts carbon from primary growth functions, but has also a cost of synthesis in 

terms of energy input and storage (Hammerschmidt et al., 2001). 

The production of decreased yield which was demonstrated could not be 

acceptable by growers. But in agricultural production, the losses caused by the 

induction of resistance may be minor when compared to those observed in non-

induced plants subjected to disease pressures especially under epidemic conditions. 

So a future research, in the field that time, could examine whether BTH (either soil or 

foliar application) based management of CMV in tomato plants results in higher or 

less yield and total cost (including implementation cost) compared to the virus 

protection of tomato cultivation by traditional preventive means. Further study is 

needed to define the limited set of conditions under which allocation cost that result 

from the production of defence related substances lead to fitness cost, even if small. 
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To conclude, this research project represents an important step in illuminating 

the antiviral effect of BTH and the impact of BTH application and/or a Greek CMV 

isolate inoculation on tomato plant and fruit. The attractive characteristics of SAR 

(powerful mechanism for enhancing the overall resistance in plants) make the use of 

BTH an approach for managing viruses in a sustainable manner, within the scope of a 

conventional agriculture system. Though induced resistance by BTH elicitor has an 

unavoidable inherent cost, nevertheless, it can be considered a valuable tool in the 

frame-work of integrated management of plant virus control, as no viable alternative 

is yet available. 

 

7.2 Project conclusions 

 

The project objectives were set out in Chapter 1, section 1.2.2. A brief summary of 

the conclusions of the project in terms of the objectives is shown below: 

 

 To investigate BTH and pyraclostrobin efficacy against CMV after aphid 

transmission or mechanical inoculation in tomato plant-seedlings. 

Independently of the used inoculation method BTH treatment suppressed CMV. In 

contrast to BTH, pyraclostrobin was ineffective against mechanically inoculated or aphid 

transmitted CMV (Chapter 4). 

 

 To examine if BTH and/or pyraclostrobin, under different incubation periods 

and number of applications, induce resistance in tomato seed plants to 

mechanically inoculated TSWV and PVY. 

 BTH induced resistance in tomato plant-seedlings to TSWV, whereas did not induce 

to PVY. The best protection against TSWV disease was obtained when BTH was applied 

seven days before virus inoculation irrespective of the number of BTH applications. 

Pyraclostrobin induced resistance may act against some host-virus isolate 

combinations under certain conditions as it was effective against one PVY isolate during 

the immediate period after inoculation (Chapter 4). 

 

 To investigate BTH efficacy against CMV in produced tomato fruits under 

greenhouse cultivation. 
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BTH resulted in reduction of CMV disease severity in tomato fruit regardless the 

growth season (Chapter 6). In particular none of the selected samples of BTH treated and 

CMV inoculated plants was infected in winter cultivation and only 13% (4/30) of sample fruit 

were infected during spring. 

 

 To determine the impact of BTH treatment and/or CMV infection on plant 

growth, fruit morphology and fruit yield production. 

CMV infection had profound effects on plant and fruit morphology. Virus 

infection stressed the growth of plants, decreased the fruit size and reduced the total 

yield compared to healthy control plants (Chapters 5 and 6). 

BTH application, independently of any kind of infection, reduced the growth 

of tomato plants and the yield production versus to healthy control plants. BTH 

treatment significantly reduced fruit sample size only in winter experiment against 

healthy control, while in spring there was no significant difference in the fruit 

morphological characteristics between the two treatments. BTH treated and CMV 

inoculated tomato plants presented slightly enhanced plant growth and improved fruit 

appearance compared to CMV treatment regardless the season of growth (Chapter 6). 

 

 To determine the impact of BTH treatment and/or CMV infection on quality 

traits of marketable fruits, as regards to nonstructural carbohydrates (NSCs), 

organic acids, carotenoids and antioxidant capacity. 

BTH did not significantly affect the nutritional status of tomatoes regarding 

sugars, organic acids and total antioxidant capacity, with the exception of carotenoids 

content which was significantly higher against healthy control. Marketable fruits 

produced from CMV infected tomato plants were of equivalent or even higher value from a 

dietary perspective compared to healthy control. 

 



179 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

LITERATURE CITED 

 

 

Abbasi, P. A., Al-Dahmani, J., Sahin, F., Hoitink, H. A. J. and Miller, S. A. (2002). 

Effect of compost amendments on disease severity and yield of tomato in 

conventional and organic production systems. Plant Disease, 86, 156-161. 

Abo-Elyousr, K. A. M and El-Hendawy, H. H. (2008). Integration of Pseudomonas 

fluorescens and acibenzolar-S-methyl to control bacterial spot disease of 

tomato. Crop Protection, 27, 1118-1124. 

Achuo, E., Audenaert, K., Meziane, H. and Höfte, M. (2004). The salicylic acid-

dependent defence pathway is effective against different pathogens in 

tomato and tobacco. Plant Pathology, 53, 65-72. 

Adams, S. R., Cockshull, K. E. and Cave, C. R. J. (2001). Effect of temperature on the 

growth and development of tomato fruits. Annals of Botany, 88, 869-877. 

Afeal, M., Gulshan, S., Kurian, M., Menon, M. and Dhami, M. S. I. (1996). 

Biochemical changes in virus infected tomato plants. FASEB journal, 10, 

A392. 

Agrios, G. N. (2005). Plant Pathology, 5th ed. Academic Press, London, UK. 

Akanda, A. M., Alam, N., Khair, A. and Muqit, A. (1998). Altered metabolism of 

tomato leaves due to Cucumber mosaic virus. Bangladesh Journal of 

Scientific Research, 16, 1-6. 

Alba, R., Cordonnier-Pratt, M. M. and Pratt, L. H. (2000). Fruit-localized 

phytochromes regulate lycopene accumulation independently of ethylene 

production in tomato. Plant Physiology, 123, 363-370. 

Anfoka, Gh. (2000). Benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester 

induces systemic resistance in tomato (Lycopersicon esculentum. Mill cv. 

Vollendung) to Cucumber mosaic virus. Crop Protection, 19, 401-405. 

Apel, K. and Hirt, H. (2004). Reactive oxygen species: metabolism, oxidative stress 

and signal transduction. Annual Review of Plant Biology, 55, 373-399. 

 



180 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Arias, R., Lee, T. Ch., Logendra, L. and Janes, H. (2000). Correlation of lycopene 

measured by HPLC with the L*, a*, b* color readings of a hydroponic 

tomato and the relationship of maturity with color and lycopene content. 

Journal of Agricultural and Food Chemistry, 48, 1697-1702. 

Baker, C. J. and Orlandi, E. W. (1995). Active oxygen in plant pathogenesis. Annual 

Review of Phytopathology, 33, 299-321. 

Balachandran, S., Hurry, V. M., Kelley, S. E., Osmond, C. B., Robinson, S. A., 

Rohozinski, J. and Seaton, G. G. R. (1997). Concepts of plant biotic stress. 

Some insights into the stress physiology of virus-infected plants, from the 

perspective of photosynthesis. Physiologia Plantarum, 100, 203-213. 

Baldwin, I. T. (1998). Jasmonate-induced responses are costly but benefit plants 

under attack in native populations. Proceedings of the National Academy of 

Sciences USA, 95, 8113-8118. 

Balogun, O. S. and Daudu A. K (2007). Comparative pathogenic responses of some 

tomato accessions to cucumber mosaic virus. Research on Crops Journal 

India, 8, 689-694. 

Balogun, O. S. (2008). Seedlings age at inoculation and infection sequence affect 

disease and growth responses in tomato mixed infected with Potato virus X 

and Tomato mosaic virus. International Journal of Agriculture and Biology, 

10, 145-150. 

Balogun, O. S. (2009). Comparative pathogenic responses of winter and summer 

tomato crops to infection with Potato virus X and the OM strain of TMV. 

World Journal of Agricultural Sciences, 5, 856-862. 

Balogun, O. S. and Daudu, A. K. (2007). Comparative pathogenic responses of some 

tomato accessions to Cucumber mosaic virus. Research on Crops, 8, 689-

694. 

Bartlett, D. W., Clough, J. M., Godfrey, C. R. A., Godwin, J. R., Hall, A. A., Heaney, 

S. P. and Maund, S. J. (2001). Disease control: Understanding the strobilurin 

fungicides. The Royal Society of Chemistry, Pesticide οutlook - August 

2001, 143-148. 



181 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Bartlett, D. W., Clough, J. M., Godwin, J. R., Hall, A. A., Hamer, M. and Parr-

Dobrzanski, B. (2002). Review: The strobilurin fungicides. Pest 

Management Science, 58, 649-662. 

Baysal, T., Ersus, S. and Starmans, D. A. J. (2000). Supercritical CO2 extraction of β-

carotene and lycopene from tomato paste waste. Journal of Agricultural and 

Food Chemistry, 48, 5507-5511. 

Bem, F. (1989). Tomato necrosis: a serious lethal necrotic disease of field tomato crop 

in Argolida county. In: Summaries of Invited and Research Papers of the 5th 

National Phytopathological Congress. Thessaloniki, Greece, 29. 

Ben-Amotz, A. and Fishler, R. (1998). Analysis of carotenoids with emphasis on 9-cis 

β-carotene in vegetables and fruits commonly consumed in Israel. Food 

Chemistry, 62, 515-520. 

Benhamou, N. and Bélanger, R. (1998). Benzothiazole-mediated induced resistance to 

Fusarium oxysporum f. sp. radicis-lycopersici in tomato. Plant Physiology, 

118, 1203-1212. 

Bicanic, D., Fogliano, V., Luterotti, S., Swarts, J., Piani, G. and Graziani, G. (2005). 

Quantification of lycopene in tomato products: comparing the performances 

of a newly proposed direct photothermal method and high-performance 

liquid chromatography. Journal of the Science of Food and Agriculture, 85, 

1149-1153. L 

Brand-Williams, W., Cuvelier, M. E. and Berset, C. (1995). Use of a free radical 

method to evaluate antioxidant activity. Lebensmittel-Wissenschaft und -

Technologie, 28, 25-30. 

Brisset, M. N., Cesbron, S., Thomson, Sh. and Paulini, J. (2000). Acibenzolar-S-

methyl induces the accumulation of defense-related enzymes in apple and 

protects from fire blight. European Journal of Plant Pathology, 106, 529-

536. 

Brittlebank, C. C. (1919). The Journal of the Department of Agriculture of Victoria, 

17, 213.  



182 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Buonaurio, R., Scarponi, L., Ferrara, M., Sidoti, P. and Bertona, A. (2002). Induction 

of systemic acquired resistance in pepper plants by acibenzolar-S-methyl 

against bacterial spot disease. European Journal of Plant Pathology, 108, 

41-49. 

Cámara, M., Torrecilla, J., Caceres, J. O., Sánchez Mata, M. C. and Fernández-Ruiz, 

V. (2010). Neural Network Analysis of Spectroscopic Data of Lycopene and 

β-Carotene Content in Food Samples Compared to HPLC-UV-Vis. Journal 

of Agricultural and Food Chemistry, 58, 72-75. 

Cameron, R. K., Dixon, R. A. and Lamb, C. J. (1994). Biologically induced systemic 

acquired resistance in Arabidopsis thaliana. The Plant Journal, 5, 715-725. 

Cao, G., Alessio, H. M. and Cutler, R. G. (1993). Oxygen-radical absorbance capacity 

assay for antioxidants. Free Radical Biology and Medicine, 14, 303-311. 

Cao, S., Hu, Z., Zheng, Y. and Lu, B. (2010). Effect of BTH on anthocyanin content 

and activities of related enzymes in strawberry after harvest. Journal of 

Agricultural and Food Chemistry, 58, 5801-5805. 

Cao, S., Hu, Z., Zheng, Y., Yang, Z. and Lu, B. (2011). Effect of BTH on antioxidant 

enzymes, radical-scavenging activity and decay in strawberry fruit. Food 

Chemistry, 125, 145-149. 

Carrington, J. C., Kasschau, K. D., Mahajan, S. K. and Scaad, M. C. (1996). Cell-to-

cell and long-distance transport of viruses in plants. Plant Cell, 8, 1669-

1681. 

Celebi-Toprak, F., Slack, S. A. and Russo, P. (2003). Potato resistance to Cucumber 

mosaic virus is temperature sensitive and virus-strain specific. Breeding 

Science, 53, 69-75. 

Cerkauskas, R. (2004). CMV. In: Kalb, T. (Ed), Tomato diseases, Asian Vegetable 

Research and Development Center Report, AVRDC, the world vegetable 

center. 

Chabbouh, N. and Cherif, C. (1990). Cucumber mosaic virus in artichoke. FAO Plant 

Protection Bulletin, 38, 52-53. 



183 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Chang, C. H. and Liu, Y. C. (2007). Study on lycopene and antioxidant contents 

variations in tomatoes under air-drying process. Journal of Food Science, 

72, 532-540. 

Chen, Y. and Inbar, Y. (1993). Chemical and spectroscopical analyses of organic 

matter transformations during composting in relation to compost maturity. 

In: Hoitink, H. A. J. and Keener, H. M. (Eds). Science and engineering of 

composting: Design, environmental, microbiological, and utilization 

aspects. Renaissance Publications, Worthington, OH. 

Chester, K. S. (1933). The problem with acquired physiological immunity in plants. 

Quarterly Review of Biology, 8, 129-154 and 275-324. 

Chivasa, S. and Carr, J. P. (1998). Cyanide restores N gene-mediated resistance to 

tobacco mosaic virus in transgenic tobacco expressing salicylic acid 

hydroxylase. Plant Cell, 10, 1489-1498. 

Chivasa, S., Murphy, A. M., Naylor, M. and Carr, J. P. (1997). Salicylic acid 

interferes with Tobacco mosaic virus replication via a novel 

salicylhydroxamic acid-sensitive mechanism. Plant Cell, 9, 547-557. 

Choudhary, R., Bowser, T. J., Weckler, P., Maness, N. O. and McGlynn, W. (2009). 

Rapid estimation of lycopene concentration in watermelon and tomato puree 

by fiber optic visible reflectance spectroscopy. Postharvest Biology and 

Technology, 52, 103-109. 

Clark, M. F. and Adams, A. N. (1977). Characteristics of the microplate method of 

enzyme-linked immunosorbent assay for the detection of plant viruses. 

Journal of General Virology, 34, 475-483. 

Clarke, S. F., Guy, P. L., Burritt, D. J. and Jameson, P. E. (2002). Changes in the 

activities of antioxidant enzymes in response to virus infection and hormone 

treatment. Physiologia Plantarum, 114, 157–164. 

Cole, D. L. (1999). The efficacy of acibenzolar-S-methyl, an inducer of systemic 

acquired resistance, against bacterial and fungal diseases of tobacco. Crop 

Protection, 18, 267-273. 



184 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Conti, M., Gallitelli D., Lisa V., Lovisolo O., Martelli G. P., Ragozzino A., Rana G. 

L. and Volvas C. (1996). Principales virus de las plantas horticolas, ed Bayer 

S.p.a., Calderini, Bologna. 

Cruikshank, I. A. M. and Mandryk, M. (1960). The effect of stem infestations of 

tobacco with Peronospora tabacina Adam. on foliage reaction to blue mold. 

Journal of the Australian Institute of Agricultural Science, 26, 369–372. 

Csinos, A. S.,. Pappu, H. R., McPherson, R. M. and Stephenson, M. G., (2001). 

Management of Tomato spotted wilt virus in flue-cured tobacco with 

acibenzolar-S-methyl and imidacloprid. Plant Disease, 85, 292-296.  

Darrigues, A., Schwartz, S. J. and Francis, D. M. (2008). Optimizing sampling of 

tomato fruit for carotenoid content with application to assessing the impact 

of ripening disorders. Journal of Agricultural and Food Chemistry, 56, 483-

487. 

Datta, K., Baisakh, N., Oliva, N., Torrizo, L., Abrigo, E., Tan, J., Rai, M., Rehana, S., 

Al-Babili, S., Beyer, P., Potrykus, I. and Datta, S. K. (2003). Bioengineered 

‘golden’ indica rice cultivars with β-carotene metabolism in the endosperm 

with hygromycin and mannose selection systems. Plant Biotechnology 

Journal, 1, 81-90. 

Davis, F., Chope, G. A., Terry, L. A. and Faul, C. F. J. (2007). The effect of 

extraction procedure on measured sugar concentration in onion (Allium 

cepa) bulbs. Journal of Agricultural and Food Chemistry, 55, 4299-4306. 

Dorn, F. (1995). Influences of molecular mechanisms of action on fungicide design. 

In: N. N., Ragsdale, P. C., Kearney and J. R. Plimmer (Eds) Proccedings of 

8
th

 Internat. Cong. of Pestic. Chem. Conference, ACS Symposium Series, 

(pp. 320-327) American Chemical Society, Washington DC.  

Dumas, Y., Dadomo, M., Di Lucca, G. and Grolier, P. (2003) Review. Effects of 

environmental factors and agricultural techniques on antioxidant content of 

tomatoes Journal of the Science of Food and Agriculture 83, 369-382. 

FAO. (2008). Food and Agriculture Organization of the United Nations. Available 

from FAOSTAT statistics database-agriculture, Rome, Italy. 



185 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Flor, H. H. (1971). Current status of the gene-for-gene concept. Annual Review of 

Phytopathology, 9, 275-296. 

Francki, R. I. B., Mossop D. W. and Hatta T. (1979). Cucumber mosaic virus. 

CMI/AAB Descriptions of Plant Viruses, 213. 

Fraser RSS (1987). Biochemistry of virus-infected plants. Research Studies Press Ltd. 

Letch Worth, Hertifordshire, England, p 641. 

Freeman, A. and Horsham, M. A. (2006). In: Agriculture notes. Temperate pulse 

viruses: Cucumber mosaic virus (CMV). 

Friedrich, L., Lawton, K., Ruess, W., Masner, P., Specker, N., Gut Rella, M., Meier, 

B., Dincher, S., Staub, T., Uknes, S., Métraux, J.P., Kessmann, H. and 

Ryals, J. (1996). A benzothiadiazole derivative induces systemic acquired 

resistance in tobacco. Plant Journal, 10, 61-70. 

Funayama-Noguchi S., Terashima I. (2006). Effects of Eupatorium yellow vein virus 

infection on photosynthetic rate, chlorophyll content and chloroplast 

structure in leaves of Eupatorium makinoi during leaf development. 

Functional Plant Biology, 33, 165-175. 

Galiana-Balaguer, L., Rosello, S. and Nuez, F. (2006). Characterization and selection 

of balanced sources of variability for breeding tomato (Lycopersicon) 

internal quality. Genetic Resources and Crop Evolution, 53, 907-923. 

Gallitelli, D. (2000). The ecology of Cucumber mosaic virus and sustainable 

agriculture. Virus Research, 71, 9-21. 

Georgé, S., Tourniaire, F., Gautier, H., Goupy, P., Rock, E. and Caris-Veyrat, C. 

(2011). Changes in the contents of carotenoids, phenolic compounds and 

vitamin C during technical processing and lyophilisation of red and yellow 

tomatoes. Food Chemistry, 124, 1603-1611. 

Georgieva, I., Edreva, A., Rodeva, R., Sotirova, V. and Stoimenova, E. (2000). 

Biotechnology and Physiology, 22, 281-284. 

Geraldino, P.S., Figueira, A. R., Oliveira, C. L., Ribeiro, S. R. R. P. and Almeida, J. 

E. M. (2008). Concentration of virus and production of potato plants infected 



186 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

with the Potato virus X (PVX) and the Potato virus Y (PVY) and treated with 

pyraclostrobin. Tropical Pathology, 33, 296. 

Gil, L., Yaron, I., Shalitin, D., Sauer, N., Turgeon, R. and Wolf, S. (2011). Sucrose 

transporter plays a role in phloem loading in CMV-infected melon plants 

that are defined as symplastic loaders. The Plant Journal, 1-9. 

Gil, M. I., Tomás-Barberán, F. A., Hess-Pierce, B., Holcroft, M. and Kader, A. 

(2000). Antioxidant activity of pomegrate juice and its rellationship with 

phenolic composition and processing. Journal of Agricultural and Food 

Chemistry, 48, 4581-4589. 

Gilliland, A., Murphy, A. M., Wong, C. E., Carson, R. A. J. and Carr, J. P. (2006). 

Mechanisms involved in induced resistance to plant viruses. In: S. Tuzun 

and E. Bent (Eds.) Multigenic and Induced Systemic Resistance, (pp. 335-

359), ed. Springer, US. 

Godard, J. F., Ziadi, S., Monot, C., Le Corre, D. and Silué, D. (1999). 

Benzothiadiazole (BTH) induces resistance in cauliflower (Brassica 

oleracea var botrytis) to downy mildew of crucifers caused by Peronospora 

parasitica. Crop Protection, 18, 397-405. 

Gonçalves, M. C., Vega, J., Oliveira, J. G. and Gomes, M. M. A. (2005). Sugarcane 

yellow leaf virus infection leads to alternations in photosynthetic efficiency 

and carbohydrate accumulation in sugarcane leaves. Fitopatol Bras, 30, 10-

16. 

Gondim, D, M, F, Terao, D., Martins-Miranda, A. S., Vasconcelos, I. M. and Oliveira, 

J. T. A. (2008). Benzo-thiadiazole-7-carbothioic acid S-methyl ester does 

not protect melon fruits against Fusarium pallidoroseum infection but 

induces defence responses in melon seedlings. Journal of Phytopathology, 

156, 607-614. 

Goodman, P. J., Watson, M. A. and Hill, A. R. C. (1965). Sugar and fructosan 

accumulation in virus-infected plants: rapid testing by circular-paper 

chromatography. Annals of Applied Biology, 56, 65-72.  

Görlach, J., Volrath, S., Knauf-Beiter, F., Hengy, G., Beckhove, U., Kogel, K. H., 

Oostendorp, M., Staub, T., Ward, E., Kessmann, H. and Ryals, J. (1996). 



187 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Benzothiadiazole, a novel class of inducers of systemic acquired resistance, 

activates gene expression and disease resistance in wheat. Plant Cell, 8, 629-

643. 

Gould, W. (1974). Color and color measurement. In tomato production, processing 

and quality evaluation. Avi Publishing, Westport, 228-244. 

Gozzo, F. (2003). Systemic acquired resistance in crop protection: From nature to a 

chemical approach. Journal of Agricultural and Food Chemistry, 51, 4487-

4503. 

Graça Dias, M., Filomena, Camões, M. G. F. C. and Oliveira, L. (2007). Uncertainty 

estimation and in-house method validation of HPLC analysis of carotenoids 

for food composition data production. Food Chemistry, 109, 815-824. 

Guil, J. L., Torija, M. E., Giménez, J. J., Rodríguez-García, I., Giménez, A., (1996). 

Journal of Agricultural and Food Chemistry, 44, 1821-1823. 

Guil-Guerrero, J. L. and Rebolloso-Fuentes, M. M. (2009). Nutrient composition and 

antioxidant activity of eight tomato (Lycopersicon esculentum) varieties. 

Journal of Food Composition and Analysis, 22, 123-129. 

Gupta, R., Balasubramaniam, V. M., Schwartz, S. J. and Francis, D. M. (2010a). 

Storage stability of lycopene in tomato juice subjected to combined 

pressure-heat treatments. Journal of Agricultural and Food Chemistry, 58, 

8305-8313. 

Gupta, U. P., Stivastava, M. and Gupta, U. (2010b). Influence of Soybean mosaic 

virus infection on carbohydrate content in nodule of soybean (Glycine max 

L. Merr.). International Journal of Virology, 6, 240-245. 

Hafez, Y. M., Fodor, J., Kiraly, Z. (2004). Establishment of acquired resistance 

confers reduced levels of syperoxide and hydrogen peroxide in TMV-

infected Tobacco Leaves. Acta Phytopathologica et Entomologia 

Hungarica, 39, 347-359. 

Haider, J. and Hossain, T. (1994). Metabolic changes in okra (Abelmoschus 

esculentus L. Moench) caused by Yellow mosaic virus. Bangladesh Journal 

of Botany, 2, 13-16. 



188 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Hammerschmidt, R., Métraux, J. P. and Van Loon L. C. (2001). Inducing resistance: a 

summary of papers presented at the first international symposium on 

induced resistance to plant diseases, Corfu, 2000. European Journal of Plant 

Pathology, 107, 1-6. 

Handford, M. G. and Carr, J. P. (2007). A defect in carbohydrate metabolism 

ameliorates symptom severity in virus-infected Arabidopsis thaliana. 

Journal of General Virology, 88, 337-341. 

Hanssen, I. M., Peter van Esse, H., Ballester, A. R., Hogewoning, S. W., Parra, N. O., 

Paeleman, A., Lievens, B., Bovy, A. G. and Thomma, B. P. H. J. (2011). 

Differential tomato transcriptomic response induced by Pepino mosaic virus 

isolates with differential aggressiveness. Plant Physiology, 156, 301-318. 

Hart, D. J. and Scott, K. J. (1995). Development and evaluation of an HPLC method 

for the analysis of carotenoids in foods, and the measurement of the 

carotenoid content of vegetables and fruits commonly consumed in the UK. 

Food Chemistry, 54 101-111. 

Heil, M., Hilpert, A., Kaiser, W. and Linsenmair, K. E. (2000). Reduced growth and 

seed set following chemical induction of pathogen defence: does systemic 

aquired resistance (SAR) incur allocation costs? Journal of Ecology, 88, 

645-654. 

Hemida, S. K. (2005). Effect of Bean yellow mosaic virus on physiological 

parameters of Vicia faba and Phaseolus vulgaris. International Journal of 

Agriculture and Biology, 7, 154-157. 

Hennin C, Diederichsen E, Höfte M. (2001). Local and systemic resistance to fungal 

pathogens triggered by an AVR9-mediated hypersensitive response in 

tomato and oilseed rape carrying the Cf-9 resistance gene. Physiological and 

Molecular Plant Pathology, 59, 287-95. 

Herbers, K., Takahata, Y., Melzer, M., Mock, H. P. Hajirezaei, M. and Sonnewald, U. 

(2000). Regulation of carbohydrate partitioning during the interaction of 

Potato virus Y with tobacco. Molecular Plant Pathology, 1, 51-59. 



189 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Herman, M. A. B., Davidson, J. K. and Smart, C. D. (2008). Induction of plant 

defense gene expression by plant activators and Pseudomonas syringae pv. 

tomato in greenhouse-grown tomatoes. Phytopathology, 98, 1226-1232. 

Herms, D. A. and Mattson, W. J (1992).The dilemma of plants – to grow or defend. 

Quarterly Review of Biology, 67, 283-335. 

Herms, St., Seehaus K., Koehle H. and Conrath U. (2002). A strobilurin fungicide 

enhances the resistance of tobacco against Tobacco mosaic virus and 

Pseudomonas syringae pv tabaci. Plant Physiology, 130, 120-127. 

Hernández, J. A., Ferrer, M. A., Jiménez, A., Barceló, A. R. and Sevilla, F. (2001). 

Antioxidant systems and O2.-/H2O2 production in the apoplast of pea 

leaves. Its relation with salt-induced necrotic lesions in minor veins. Plant 

Physiology, 127, 817-831. 

Hernández Suárez, M., Rodrígues Rodrígues E. M. and Dias Romero, C. (2008a). 

Analysis of organic acid content in cultivars of tomato harvested in Tenerife. 

European Food Research and Technology, 226, 423-435. 

Hernández Suárez, M., Rodrígues Rodrígues E. M. and Dias Romero, C. (2008b). 

Chemical composition of tomato (Lycopersicon esculentum) from Tenerife, 

the Canary Islands. Food Chemistry, 1046-1056. 

Hernández Suárez, M., Rull Pallarés, J., Rios Mesa, D., Rodrígues Rodrígues E. M. 

and Dias Romero, C. (2008c). Variation of the chemical composition of 

tomato cultivars (Lycopersicon esculentum Mill.) according to resistance 

against the tomato yellow leaf curl virus (TYLCV). Journal of the Science of 

Food and Agriculture, 88, 1882-1891. 

Hinostroza-Orihuela, A. M. (1975). Virology, 67, 276. 

Hobson, G. and Grierson, D. (1993). Tomato. In : G. B. Seymour, J. E. Taylor and G. 

A. Tucker (Eds.) Biochemistry of fruit ripening (pp. 405-442), London: 

Chapman and Hall. 

Hollings, M. and Brunt, A. A. (1981). Potyviruses. In : E. Kurstak (Ed) Handbook of 

Plant Virus Infections and Comparative Diagnosis, Elsevier/North (pp. 730-

807) Holland Biomedical Press, Amsterdam. 



190 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Honda, A., Takahashi, H., Toguri, T., Ogawa, T., Hase, S., Ikegami, M. and Ehara, Y. 

(2003). Activation of defence-related gene expression and systemic acquired 

resistance in Cucumber mosaic virus-infected tobacco plants expressing the 

mammalian 2´5´ oligoadenylate system. Archives of Virology, 148, 1017-

1026. 

Hooft van Huijsduijnen, R.A.M., Alblas, S.W., DeRijk, R.H. and Bol, J.F. (1986). 

Induction by salicylic acid of pathogenesis-related proteins and resistance to 

alfalfa mosaic virus in various plant species. Journal of General Virology, 

67, 2135-2143. 

Huang, C. H., Chao, Y. J., Chang, C. A., Hseu, S. H. and Hsaio, C. H. (1987). 

Identification and comparison of different viruses on symptom expression in 

loofah. Journal of Agricultural Research of China, 36, 413. 

Hull, R. (2002). Matthews’ Plant Virology. 4th ed. Academic press. 

Hurd, R. G. and Graves, C. J. (1985). Some effects of air and root temperatures on the 

yield and quality of glasshouse tomatoes. Journal of Horticultural Science, 

60, 359-371. 

Inbar, M., Doostdar, H., Sonoda, M., Leibee, G. L., Mayer, R. T. (1998). Elicitors of 

plant defensive systems reduce insect densities and disease incidence. 

Journal of Chemical Ecology, 24, 135-49. 

Ishida, B. (2000). Engineering a healthier, tastiet tomato. U. S. News and World 

Report, 1, 49. 

Ishii H., Tomita Y., Horio T., Narusaka Y., Nakazawa Y., Nishimura K. and Iwamoto 

S. (1999). Induced resistance of acibenzolar-S-methyl (CGA 245704) to 

cucumber and Japanese pear diseases. European Journal of Plant Pathology, 

105, 77-85. 

Islam, M. T., Hossain, T., Ahmed, J. U. and Karim, S. (2003). Biochemical changes 

in tomato fruits caused by Tomato yellow leaf curl virus. Bangladesh journal 

of botany, 32, 81-84. 



191 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Islam, Md. S., Matsui, T. and Yoshida, Y. (1996). Effect of carbon dioxide 

enrichment on physico-chemical and enzymatic changes in tomato fruits at 

various stages of maturity. Scientia Horticulturae, 65, 137-149. 

IUPAC. (1974). International Union of Pure and Applied Chemistry and 

International Union of Biochemistry. Nomenclature of carotenoids. London, 

Butters Worths, 407-431. 

Ji, L. H. and Ding, S. W. (2001). The suppressor of transgene RNA silencing encoded 

by Cucumber mosaic virus interferes with salicylic acid-mediated virus 

resistance. Molecular Plant-Microbe Interactions, 6, 715-724. 

Kaper, J. M., Geletka, L. M., Wu, G. S. and Tousignant, M. E. (1995). Effect of 

temperature on cucumber mosaic virus satellite-induced lethal tomato 

necrosis is helper virus strain dependent. Archives of Virology, 140, 65-74. 

Kapinga, R., Ndunguru, J., Mulokozi, G. and Tumwegamire, S. (2009). Impact of 

common sweetpotato viruses on total carotenoids and root yields of an 

orange-fleshed sweetpotato in Tanzania. Scientia Horticulturae, 122, 1-5. 

Karakaya, S and Yilmaz, N. (2007). Lycopene content and antioxidant activity of 

fresh and processed tomatoes and in vitro bioavailability of lycopene. 

Journal of the Science of Food and Agriculture, 87, 2342-2347. 

Katis N. J. and Avgelis A. D. (1991). Tomato fruit necrosis caused by Cucumber 

mosaic virus. Geotechnical Scientific Issues 4, 17-22. 

Kessmann, H., Staub, T., Hofmann, C., Maetzke, T. and Herzog, J. (1994). Induction 

of systemic acquired disease resistance in plants by chemicals. Annual 

Review of Phytopathology, 439-459. 

Kimura, M. and Rodriguez-Amaya, D. B. (2002). A scheme for obtaining standards 

and HPLC quantification of leafy vegetable carotenoids. Food Chemistry, 

78, 389-398. 

Kortstee, A. J., Appeldoorn, N. J. G., Oortwijn, M. E. P. and Visser, R. G. F. (2007). 

Differences in regulation of carbohydrate metabolism during early fruit 

development between domesticated tomato and two wild relatives. Planta, 

226, 929-939. 



192 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Kunz, W., Schurter, R. and Maetzke, Th. (1997). The chemistry of Benzothiadiazole 

plant activators. Pesticide Science, 50, 275-282. 

Kyriakopoulou, P. E., Bem, F. and Varveri, C. (1991). Tomato shrinkage and tomato 

fruit toughness, two new diseases in Greece probably related to Cucumber 

mosaic virus. Annales de l’Institut Phytopathologique Benaki 16, 151-156. 

Kyriakopoulou, P. E., Perdikis, D. Ch., Sclavounos, A. P., Girgis S. M., Lykouressis, 

D. P., Tsitsipis, J. A. and Christakis, P. A. (2000). Cucumber mosaic 

cucumovirus incidence in open-field tomato in the Olympia area and trap 

captures of alate aphids. Bulletin OEPP/EPPO 30, 305-315. 

Lacatus, V., Botez, C., Chelu, M., Mirghis, R. and Voican, V. (1994). The influence 

of organic and mineral fertilizers on tomato quality for processing. Acta 

Horticulturae, 276, 329-332. 

Lacomme, C. and Roby, D. (1999). Identification of new early markers of the 

hypersensitive response in Arabidopsis thaliana. FEBS Letters, 459, 149-

153. 

Landahl, S., Meyer, M. D. and Terry, L. A. (2009). Spatial and temporal analysis of 

textural and biochemical changes of imported avocado cv. Hass during fruit 

ripening. Journal of Agricultural and Food Chemistry, 57, 7039-7047. 

Laties, G. G. (1982). The cyanide-resistant, alternative path in plant mitochondria. 

Annual Review of Plant Physiology, 33, 519-555. 

Lawton, K., Friedrich, L., Hunt, M., Weymann, K., Delaney, T., Kessmann, H., 

Staub, T. and Ryals, J. (1996). Benzothiadiazole induces disease resistance 

in Arabidopsis by activation of the systemic acquired resistance signal 

transduction pathway. Plant Journal, 10, 71-82. 

Lebeda, A., Luhovà L., Sedlarovà, M. and Jancovà, D. (2001). The role of enzymes in 

plant-fungal pathogenesis interactions. Journal of Plant Diseases and 

Protection, 108, 89-111. 

Lecop, H. (1998). Control of plant virus diseases by cross protection. In : A. Hadidi, 

R. K. Khetarpal and H. Koganezawa (Eds) Plant Virus Disease Control, 

APS Press (pp. 33-40), St. Paul. 



193 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Leiser, R. M. and Richter, J. (1979). Arcives of Phytopathology PflSchutz, 14, 337. 

Lennon, A. M., Neuenschwander, U. H., Ribas-Carbo, M., Giles, L., Ryals, J. A. and 

Siedow, J. N. (1997). The effects of salicylic acid and tobacco mosaic virus 

infection on the alternative oxidase of tobacco. Plant Physiology, 115, 783-

791. 

Loiudice, R., Impembo, M., Laratta, B., Villari, G., Lo Voi, A. and Siviero, P. (1995). 

Composition of San Marzano tomato varieties. Food Chemistry, 53, 81-89. 

Louws, F. J., Wilson, M., Campbell, H. L., Cuppels, D. A., Jones, J. B., Shoemaker, 

P. B., Sahin, F. and Miller, S. A. (2001). Field control of bacterial spot and 

bacterial speck of tomato using a plant activator. Plant Disease, 85, 481-488. 

Lucas, J. (1999). Plant immunisation : from myth to SAR. Pesticide Science, 55, 193-

196. 

Lucas, W. J. (1995). Plasmodesmata : intercellular channels for macromolecular 

transport in plants. Current Opinion in Cell Biology, 7, 673-680. 

Luengwilai, K., Fiehn, O. E. and Beckles, D. M. (2010). Comparison of leaf and fruit 

metabolism in two Tomato (Solanum lycopersicum L.) genotypes varying in 

total soluble solids. Journal of Agricultural and Food Chemistry, 58, 11790-

11800. 

MacNab, A. A., Sherf, A. F. and Springer, J. K. (1983). Identifying Diseases of 

Vegetables. The Pennsylvania State University. 

Makkouk, K. M. and Gumpf, D. J. (1974). Phytopathology, 64, 1115. 

Malathrakis, N., Goumas, D. and Augelis, A. (2007). Tomato diseases. Typokreta, 

BIPE Heraklion, Crete, 54-59. 

Maleck, K., Levine, A., Eulgem, T., Morgan, A., Schmid, J., Lawton, K. A., Dangl, J. 

L. and Dietrich, R. A. (2000). The transcriptome of Arabidopsis thaliana 

during systemic acquired resistance. Nature Genetics, 26,403-410. 

Mandal, B., Mandal, S., Csinos, A., Martinez, N., Cullbreath, A., and Pappu, H. 

(2008). Biological and molecular analyses of the Acibenzolar-S-Methyl-

Induced Systemic Acquired Resistance in Flue-Cured Tobacco Against 

Tomato spotted wilt virus. Phytopathology, 98, 196-204. 



194 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Mandal, B., Wells, M. L., Martinez-Ochoa, N., Csinos, A. S. and Pappu, H. R. (2007). 

Symptom development and distribution of Tomato spotted wilt virus in flue-

cured tobacco. Annals of Applied Biology, 151, 67-75. 

Martínez-Valverde I., Periago M. J., Provan G., and Chesson A. (2002). Phenolic 

compounds, lycopene and antioxidant activity in commercial varieties of 

tomato (Lycopersicum esculentum). Journal of the Science of Food and 

Agriculture, 82, 323-330. 

Matheron, M.E. and Porchas, M. (2002). Suppression of phytophthora root and crown 

rot on pepper plants treated with acibenzolar-S-methyl. Plant Disease, 86, 

292-297. 

Mato, I., Suárez-Luque, S. and Huidobro, J. F. (2005). A review of the analytical 

methods to determine organic acids in grape juices and wines. Food 

Research International, 38, 1175-1188. 

Matthews, R. E. F. (1991). Plant virology (3
rd

 Edition). Academic Press Inc., 

Sandiego. 

Mayers, C., Lee, K., Moore, C., Wong, S. and Carr, J. (2005). Salicylic Acid-Induced 

resistance to Cucumber mosaic virus in squash and Arabidopsis thaliana: 

contrasting mechanisms of induction and antiviral action, Molecular Plant-

Microbe Interactions, 18, 428-434. 

Mikkelsen, R. L. (2005). Tomato flavor and plant nutrition: A brief review. Better 

Crops, 89, 14-15.  

Mills, J. P., Simon, P. W. and Sherry, Tanumihardjo, A. (2007). b-Carotene from red 

carrot maintains vitamin A status, but lycopene bioavailability is lower 

relative to tomato paste in mongolian gerbils. The Journal of Nutrition, 

1395-1400. 

Miteva, E., Hristova, D., Nenova, V. and Maneva, S. (2005). Arsenic as a factor 

affecting virus infection in tomato plants: changes in plant growth, 

peroxidase activity and chloroplast pigments. Scientia Horticulturae, 105, 

343-358. 



195 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends in Plant 

Science, 7, 405-410. 

Momol, M. T., Funderburk, J. E., Olson, S. and Stavisky, J. (2001). Management of 

TSWV on tomatoes with UV-reflective mulch and acibenzolar-S-methyl. 

Thrips and Tospoviruses. Proceedings of the 7
th

 international symposium on 

Thysanoptera, 111-116. 

Momol, M. T., Olson, S. M., Funderburk, J. E., Stavisky, J. and Marois, J. J. (2004). 

Integrated management of Tomato spotted wilt on fieldgrown tomatoes. 

Plant Disease, 88, 882-890. 

Moore, A. L., Albury, M. S., Crichton, P. G. and Affourtit, C. (2002). Function of the 

alternative oxidase: is it still a scavenger? Trends in Plant Science, 7, 478-

481. 

Morris, S. W., Vernooij, B., Titatarn, S., Starrett, M., Thomas, S., Wiltse, C. C., 

Frederiksen, R. A., Bhandhufalck, A., Hulbert, S. and Uknes, S. (1998). 

Induced resistance responses in maize. Molecular Plant - Microbe 

Interactions, 7, 643-658. 

Muqit, A., Akanda, A. M. and Kader, K. A. (2007). Biochemical alteration of cellular 

components of ash gourd due to infection of three different viruses. 

International Journal of Sustainable Crop Production, 2, 40-42. 

Murphy, A. M. and Carr, J. P. (2002). Salicylic acid has cell-specific effects on 

tobacco mosaic virus replication and cell-to-cell movement. Plant 

Physiology, 128, 552-563. 

Murphy, A., Chivasa, S., Singh, D. and Carr, J. (1999). Salicylic acid-induced 

resistance to viruses and other pathogens: a parting of the ways? Trends in 

Plant Science Reviews, 4, 155-160. 

Naylor, M., Murphy, A., Berry, J. and Carr, J. (1998). Salicylic Acid can induce 

resistance to plant virus movement. Molecular plant - Microbe Interactions, 

11, 860-868. 

Nelson, R. S. and Van Bel, A .J. E. (1998). The mystery of virus trafficking into, 

through and out of vascular tissue. Progress in Botany, 59, 476-533. 



196 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Nischwitz, C., Csinos, A. S., Mullis, S. W., Hickman, L. L., Stevenson, K. L. and 

Gitaitis, R. D. (2008). Effect of transplant age, tobacco cultivar Acibenzolar-

S-methyl, and imidacloprid on Tomato spotted wilt infection in flue-cured 

tobacco. Plant Disease, 92, 1524-1528. 

Nogués, S., Cotxarrera, L., Alegre L., Trillas M. I. (2002). Limitations to 

photosynthesis in tomato leaves induced by Fusarium wilt. New Phytologist, 

154, 461-470. 

Nono-Womdim, R., Marchoux, G., Pochard, E., Palloix, A. and Gebre-Selassie, K. 

(1991). Resistance of pepper lines to the movement of Cucumber mosaic 

virus. Phytopathology, 132, 21-32. 

Nováková, L., Solich, P. and Solichová, P. D. (2008). HPLC methods for 

simultaneous determination of ascorbic and dehydroascorbic acids. Trends 

in Analytical Chemistry, 27, 942-958. 

Obradovic, A., Jones, J. B., Momol, M. T., Olson, S. M., Jackson, L. E., Balogh, B., 

Guven, K. and Iriarte, F. B. (2005). Integration of biological control agents 

and systemic acquired resistance inducers against bacterial spot on tomato. 

Plant Disease, 89, 712-716. 

Oke, O. A. and Banjoko, K. M. (1991). The effects of Penicillium digitatum and 

Fusarium oxysporum rots on nutritional content of pawpaw (Carica papaya 

L.). Mycopathologia, 116, 119-202. 

Olives Barba, A.I., Cámara Hurtado, M., Sánchez Mata, M. C., Fernández Ruiz, V. 

and López Sáenz de Tejada, M. (2006). Application of a UV–vis detection-

HPLC method for a rapid determination of lycopene and β-carotene in 

vegetables. Food Chemistry, 95, 328-336. 

Olympios, C. .M. (2001). Tomato. In : Stamoulis (Ed.) The technique of growing 

vegetables in greenhouses, Athens. 

Oostendorp, M., Kunz, W., Dietrich, B., Staub, Th. (2001). Induced disease resistance 

in plants by chemicals. European Journal of Plant Pathology, 107, 19-20. 

Ordiozola-Serrano, I., Oms-Oliu, G., Soliva-Fortuny, R. and Martin-Belloso, O. 

(2009). Effect of high-oxygen atmospheres on the antioxidant potential of 



197 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

fresh-cut tomatoes. Journal of Agricultural and Food Chemistry, 57, 6603-

6610. 

Palukaitis, P., Roossinck, M. J., Dietzgen, R. G., and Francki, R. I. B. (1992). 

Cucumber mosaic virus Palukaitis. In: Maramorosch, K., Murphy, F. A. and 

Shatkin A. J., (Eds.) Advances in Virus Research, San Diego, CA: Academic 

Press), 281-348. 

Pappu, H., Csinos, A., McPherson, R., Jones, D. and Stephenson, M. (2000). Effect of 

acibenzolar-S-methyl and imidacloprid on suppression of tomato spotted 

wilt Torspovirus in flue-cured tobacco. Crop Protection, 19, 349-354. 

Perez, L., Rodriguez, M. E., Rodriguez, F. and Roson, C. (2003). Efficacy of 

acibenzolar-S-methyl, an inducer of systemic acquired resistance against 

tobacco blue mould caused by Peronospora hyoscyami f. sp. tabacina. Crop 

Protection, 22, 405-413. 

Periago, M. J., Rincón, F., Agüera, M. D. and Ros, G. (2004). Mixture approach for 

optimizing lycopene extraction from tomato and tomato products. Journal of 

Agricultural and Food Chemistry, 52, 5796-5802. 

Petrova, D., Marinova G., Chaneva1, G., Kapchina-Toteva1, V. and Stoimenova, E. 

(2009). Local and systemic responses of antioxidants to Cucumber mosaic 

virus infection in pepper plants. Biotechnology and Biotechnological 

Equipment, 23, 516-518. 

Picha, D. H. (1987). Sugar and organic acid content of cherry tomato fruit at different 

ripening stages. Horticultural Science, 22, 94-96. 

Pieper, J. R. and Barrett D. M. (2008). Effects of organic and conventional production 

systems on quality and nutritional parameters of processing tomatoes. 

Journal of the Science of Food and Agriculture, 89, 177-194. 

Porcu, O. M. and Rodriguez-Amaya, D. B. (2008). Variation in the carotenoid 

composition of the lycopene-rich Brazilian fruit Eugenia uniflora L. Plant 

Foods for Human Nutrition, 63, 195-199. 

Price, W. C. (1934). Isolation and study of some yellow strains of cucumber mosaic. 

Phytopathology, 24, 742-761. 



198 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Radwan, D. E. M., Fayez, K. A., Mahmoud, S. Y. and Lu, G. (2010). Modifications of 

antioxidant activity and protein composition of bean leaf due to Bean yellow 

mosaic virus infection and salicylic acid treatments. Acta Physiologiae 

Plantarum, 32, 891-904. 

Raffo, A., Leonardi, C., Fogliano, V., Ambrosino, P., Salucci, M., Gennaro, L., 

Bugianest, R., Giuffrida, F. and Quaglia, G. (2002). Nutritional value of 

cherry tomatoes (Lycopersicon esculentum cv. Naomi F1) harvested at 

different ripening stages. Journal of Agricultural and Food Chemistry, 50, 

6550-6556. 

Rahoutei J, García-Luque I, Barón M (2000). Inhibition of photosynthesis by viral 

infection: effect on PSII structure and function. Physiologia Plantarum, 110, 

286-292. 

Rao, A. V. (2002). Lycopene, tomatoes, and the prevention of coronary heart disease. 

Experimental Biology and Medicine, 227, 908-913. 

Rao, A. V. and Rao, L. G. (2007). Carotenoids and human health. Invited review. 

Pharmacological Research, 55, 207-216. 

Resende, M. L. V., Nojosa, G. B. A., Cavalcanti, L. S., Aguilar, M. A. G., Silva, L. H. 

C. P., Perez, J. O., Andrade, G. C. G., Carvalho, G. A. and Castro, R. M. 

(2002). Induction of resistance in cocoa against Crinipellis perniciosa and 

Verticillium dahlia by acibenzolar-S-methyl (ASM). Plant Pathology, 51, 

621-628. 

Richberg, M. H., Aviv, D. H., Dangl, J. L. (1998). Dead cells do tell tales. Curr Opin 

Plant Biology, 1, 480-485. 

Riedle-Baueri, M. (1997). Activities of antioxidant enzymes in cucumber plants 

infected with Cucumber mosaic virus. Phyton (Austria) Special issue:"Free 

Radicals", 37, 251-258. 

Riso, P., Visioli, F., Erba, D., Testolin, G. and Porrini, M. (2004). Lycopene and 

vitamin C concentrations increase in plasma and lymphocytes after tomato 

intake. Effects on cellular antioxidant protection. European Journal of 

Clinical Nutrition, 58, 1350-1358. 



199 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Rocha, A. B. and Hammerschmidt, R. (2005). History and perspectives on the use of 

disease resistance inducers in horticultural crops. Hort Technology, 15, 422-

731. 

Rodríguez-Bernaldo de Quirós, A. and Costa, H. S. (2006). Analysis of carotenoids in 

vegetable and plasma samples: A review. Journal of Food Composition and 

Analysis, 19, 97-111. 

Romero, A. M., Kousik, C. S. and Ritchie, D. F. (2001). Resistance to bacterial spot 

in bell pepper induced by Acibenzolar-S-methyl. Plant Disease, 85, 189-

194. 

Ronen, G., Carmel-Goren, L., Zamir, D. and Hirschberg, J. (2000). An alternative 

pathway to b-carotene formation in plant chromoplasts discovered by map-

based cloning of Beta and old-gold color mutations in tomato. Proceedings 

of the National Academy of Sciences, 97, 11102-11109. 

Ross, A. F. (1961). Localized acquired resistance to plant virus infection in 

hypersensitive hosts. Virology, 14, 329-339. 

Ross, A. F. (1961). Systemic acquired resistance induced by localized virus infections 

in plants. Virology, 14, 340-358. 

Rotino, G. L., Acciarri, N., Sabatini, E., Mennella, G., Lo Scalo, R., Maestrelli, A., 

Molesini, B., Pandolfini, T., Scalzo, J., Mezzetti, B. and Spena, A. (2005). 

Open field trial of genetically modified parthenocarpic tomato: seedlessness 

and fruit quality. BMC Biotechnology, 32, 1-8. 

Ruess, W., Kuntz, W., Staub, T., Muller, K., Poppinger, N. J. and AhlGoy, P. (1995). 

Plant activator CGA 245704, a new technology for disease management. 

International Plant Protection Congress. The Hague, 2-7 July, 1995, The 

Netherlands. 

Ruess, W., Mueller, K., Knauf-Beiter, G., Kunz, W. and Staub, T. (1996). Plant 

activator CGA 245704: An innovative approach for disease control in 

cereals and tobacco. Proceedings of the Brighton Crop Protection 

Conference-Pests and Diseases (pp. 53-60). 



200 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Ryals, J., Lawton, K., Delaney, T., Friedrich, L., Kessman, H., Neuenschwander, U., 

Uknes, Sc., Vernooij, B. and Weymann, K. (1995). Signal transduction in 

Systemic acquired resistance. Proceedings of the National Academy of 

Sciences USA, 92, 4202-4205. 

Ryals, J., Neuenschwander, Urs., Willits, M., Molina, A., Steiner, H. and Hunt, M., 

(1996). Systemic acquired resistance. The Plant Cell, 8, 1809-1819. 

Ryan, E., Smillie, G. W, and McAleese, D. M. (1972). Effect of natural light 

conditions on the growth of tomato plants propagated in peat. 1. Growth and 

flowering responses. Irish Journal of Agricultural Research, 11, 295-303. 

Ryu, C. M., Murphy, J. F., Mysore, K. S., and Kloepper, J. W. (2004). Plant growth-

promoting rhizobacteria systemically protect Arabidopsis thaliana against 

Cucumber mosaic virus by a salicylic acid and NPR1- independent and 

jasmonic acid-dependent signaling pathway. Plant Journal, 39, 381-392. 

Samuel, G., Bald, J. G. and Pittman, H. A. (1930). Bulletin Council of Scientific and 

Industrial Research, Melbourne, 44, 65. 

Scarponi, L., Buonaurio, R. and Martinetti, L. (2001). Persistence and translocation of 

a benzothiadiazole derivative in tomato plants in relation to systemic 

acquired resistance against Pseudomonas syringae pv. tomato. Pest 

Management Science, 57, 262-268. 

Schauer, N., Semel, Y., Roessner, U., Gur, A., Balbo, I., Carrari, F., Pleban, T., Perez-

Melis, A., Bruedigam, C., Kopka, J., Willmitzer, L., Zamir,D. and Fernie, A. 

R. (2006). Comprehensive metabolic profiling and phenotyping of 

interspecific introgression lines for tomato improvement. Nature 

Biotechnology, 24, 447-454. 

Schofield, A. and Paliyath, G. (2005). Modulation of carotenoid biosynthesis during 

tomato fruit ripening through phytochrome regulation of phytoene synthase 

activity. Plant Physiology and Biochemistry, 43, 1052-1060. 

Scott, A. (2000). Tomato spotted wilt virus – positive steps towards negative success. 

Molecular Plant Pathology, 1, 151-157. 



201 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Scott, K. J. (2001). Detection and measurement of carotenoids by UV/VIS 

spectrophotometrycurrent. In: Protocols in food analytical chemistry. John 

Wiley and Sons, Inc., F2.2.1-F2.2.10. 

Scott, K. J., Finglas, P. M., Scale, O. R., Hart, D. J. and Froidmont-Giirtz, I. (1996). 

Interlaboratory studies of HPLC procedures for the analysis of carotenoids 

in foods. Food Chemistry, 57, 85-90. 

Sekine, K. T., Nandi, A., Ishihara, T., Hase, S., Ikegami, M., Shah, J. and Takahashi, 

H. (2004). Enhanced resistance to Cucumber mosaic virus in the 

Arabidopsis thaliana ssi2 mutant is mediated via an SA-independent 

mechanism. Molecular Plant-Microbe Interactions, 17, 623-632. 

Shalitin, D. and Wolf, S. (2000). Cucumber mosaic virus infection affects sugar 

transport in melon plants. Plant Physiology, 123, 597-604.  

Shi, J. and Le Maguer, M. (2000). Lycopene in tomatoes: Chemical and physical 

properties affected by food processing. Critical Reviews in Food Science 

and Nutrition, 40, 1-42. 

Shigeoka, S., Ishikawa, T. and Tamoi, M. (2002). Regulation and function of 

ascorbate peroxidase isoenzymes. Journal of Experimental Botany, 53, 

1305-1319. 

Sikora, J. E. (2004). Virus diseases of tomato. Alabama and Auburn Universities. 

Simons, B. H., Millenaar, F. F., Mulder, L., van Loon, L. C. and Lambers, H. (1999). 

Enhanced expression and activation of the alternative oxidase during 

infection of Arabidopsis with Pseudomonas syringae pv. tomato. Plant 

Physiology, 120, 529-538. 

Singh, D., Moore, C., Gilliland, A. and Carr, J. (2004). Activation of multiple 

antiviral defence mechanisms by salicylic acid. Molecular Plant Pathology, 

5, 57-63. 

Skłodowska, M., Gajewska, E., Kuźniak, E., Mikiciński, A. and Sobiczewski, P. 

(2010). BTH-mediated antioxidant system responses in apple leaf tissues. 

Scientia Horticulturae, 125, 34-40. 



202 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Smith-Becker, J., Keena, N. T. and Becker, J. O. (2003). Acibenzolar-S-methyl 

induces resistance to Colletotrichum lagenarium and Cucumber mosaic 

virus in cantaloupe. Crop Protection, 22, 769-774. 

Song X. S., Wang Y. J., Mao W. H., Shi K.,. Zhou Y. H, Nogués S., and Yu J. Q. 

(2009). Effects of Cucumber mosaic virus infection on electron transport and 

antioxidant system in chloroplasts and mitochondria of cucumber and 

tomato leaves. Physiologia Plantarum, 135, 246-257. 

Soylu, S., Baysal, Ő. and Soylu, E. M. (2003). Induction of disease resistance by the 

plant activator, acibenzolar-S-methyl (ASM), against bacterial canker 

(Clavibacter michiganensis subsp. michiganensis) in tomato seedlings. Plant 

Science, 165, 1069-1075. 

Stahl, W. and Sies, H. (1996). Lycopene: a biologically important carotenoids for 

human. Archives of Biochemistry and Biophysics, 336, 1-9. 

Stevens, M. A. (1986). Inheritance of tomato fruit quality components. Plant 

Breeding Reviews, 4, 273-311. 

Stevenson, W. S. (2004) Recognizing symptoms in vegetable crops. FAPM 

Proceedings, Univ. of Wisconsin. 

Sticher, L., Maunch-Mani, B. and Métraux J. P. (1997). Systemic acquired resistanse. 

Annual Review of Phytopathology, 35, 235-270. 

Šutić, D. D., Ford, R.E. and Tošić, M. T. (1999). Handbook of plant virus diseases. 

Taylor and Francis Ltd Publishing. 

Taiwo, M. A. and Akinjogunla, O. J. (2006). Cowpea viruses: Quantitative and 

qualitative effects of single and mixed viral infections. African Journal of 

Biotechnology, 5, 1749-1756. 

Tally, A., Oostendorp, M., Lawton, K., Staub, T. and Bassi, B. (2000). Commercial 

development of elicitors of induced resistance to pathogens. In : A.A. 

Agrawal, S. Tuzun and E. Bent (Eds), Induced plant defenses against 

pathogens, APS press, St. Paul, (pp. 357-369). 



203 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Tecsi, L. I., Maule, A. J., Smith, A. M. and Leegood, R. C. (1994). Metabolic 

alterations in cotyledons of Cucurbita pepo infected by Cucumber mosaic 

virus. Journal of Experimental Botany, 45, 1541-1551. 

Tecsi, L. I., Maule, A. J., Smith, A. M. and Leegood, R. C. (1996). A spatial analysis 

of physiological changes associated with infection of cotyledons of marrow 

plants with Cucumber mosaic virus. Plant Physiology, 111, 975-985. 

Terry, L. A and Joyce, D. C. (2004a). Elicitors of induced disease resistance in 

postharvest horticultural crops: a brief review. Postharvest Biology and 

Technology, 32, 1-13. 

Terry, L. A and Joyce, D. C. (2004b). Influence of growing conditions on efficacy of 

Acibenzolar and Botryticides in suppression of Botrytis cinerea on 

strawberry fruit. Advances in Strawberry Research, 23, 11-19. 

Terry, L. A. and Joyce, D. C. (2000). Suppression of grey mould on strawberry fruit 

with the chemical plant activator acibenzolar. Pest Management Science, 56, 

989-992. 

Terry, L. A., Chope, G. A. and Giné Bordonaba, J. (2007). Effect of water deficit 

irrigation and inoculation with Botrytis cinerea on Strawberry (Fragaria x 

ananassa) fruit quality. Journal of Agricultural and Food Chemistry, 55, 

10812-10819. 

Thaler, J. S., Fidantsef, A. L., Duffey, S. S. and Bostock, R. M. (1999). Trade-offs in 

plant defence against pathogens and herbivores: a field demonstration of 

chemical elicitors of induced resistance. Journal of Chemical Ecology of 

Induced Resistance, 25, 1597-1609. 

Toma, R. B., Frank, G. C., Nakayama, K. and Tawfik E. (2008). Lycopene content in 

raw tomato varieties and tomato products. Journal of Foodservice, 19, 127-

132. 

Topal, U., Sasaki, M., Goto, M. and Hayakawa, K. (2006). Extraction of Lycopene 

from Tomato Skin with Supercritical Carbon Dioxide: Effect of Operating 

Conditions and Solubility Analysis. Journal of Agricultural and Food 

Chemistry, 54, 5604-5610. 



204 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Tsuda, S. (2007). Method of producing fruit of capsicum plant with vitamin C content 

increased. Patent Application Publication, 1-9. 

Uknes, S., Mauch-Mani, B., Moyer, M., Potter, S., Williams, S., Dincher, S., 

Chandler, D., Slusarenko, A., Ward, E. and Ryals, J. (1992). Acquired 

resistance in Arabidopsis. Plant Cell, 4, 645-656. 

Urban, L. A., Sherwood, J. L., Rezende, J. A. M. and Melcher, U. (1990). 

Examination of mechanisms of cross protection in non-transgenic plants. In: 

R. S. S Fraser (Ed) Recognition and Response in Plant-Virus Interactions, 

Springer, (pp. 415-426) Berlin.  

Vallad, G. and Goodman, R. (2004). Systemic aquired resistance and induced 

systemic resistance in conventional agriculture. Review and interpretation. 

Crop Science, 44, 1920-1934. 

Van Kooten O, Meurs C, van Loon LC (1990). Photosynthetic electron transport in 

tobacco leaves infected with tobacco mosaic virus. Physiologia Plantarum, 

80, 446-452. 

Van Leeuwen, H., Kliebenstein, D. J,
 
West, M. A. L., Kim, K., van Poecke, R., Katagiri, 

F., Michelmore, R. W., Doerge, R. W. and Clair, D. A. St. (2007). Natural 

variation among Arabidopsis thaliana accessions for transcriptome response 

to exogenous salicylic acid. Plant Cell, 19, 2099-2110. 

Van Loon, L. C., Bakker, P. A. H. M. and Pieterse, C. M. J. (1998). Systemic 

resistance induced by rhizosphere bacteria. Annual Review of 

Phytopathology, 36, 453-483. 

Vanlerberghe, G. C. and McIntosh, L. (1992). Coordinate regulation of cytochrome 

and alternative pathway respiration in tobacco. Plant Physiology, 100, 1846-

1851. 

Vanlerberghe, G. C. and McIntosh, L. (1997). Alternative oxidase: from gene to 

function, Annu. Rev. Plant Physiology, Plant Molecular Biology, 48, 703-

734. 

Varveri, C. and Boutsika, K. (1999). Characterization of cucumber mosaic 

cucumovirus isolates in Greece. Plant Pathology, 48, 95-100. 



205 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Varveri, C., Christopoulou, M., Markellou, E., Vassilakos, N., Tzima, A. and Servis, 

D. (2006). Investigation of possible antiviral effect of pyraclostrobin against 

Cucumber mosaic virus. In: Proceedings of the 13th Panhellenic 

Phytopathological Conference, 16-19 October 2006, Athens, 52. 

Vasapollo, G.; Longo, L.; Rescio, L.; Ciurlia, L. (2004). Innovative supercritical CO2 

extraction of lycopene fromtomato in the presence of vegetable oil as co-

solvent. Journal of Supercritical Fluids, 29, 87-96. 

Velterop, J. S. and Vos, F. (2001). A rapid and inexpensive microplate assay for the 

enzymatic determination of glucose, fructose, sucrose, L-malate and citrate 

in tomato (Lycopersicon esculentum) extracts and in orange juice. 

Phytochemical Analysis, 12, 299-304. 

Venter, F. (1977). Solar radiation and vitamin C content of tomato fruits. Acta 

Horticulturae, 58, 121-127. 

Vermeir, S., Nicolaï, B. M., Jans, K., Maes, G. and Lammertyn, J. (2007). High-

throughput microplate enzymatic assays for fast sugar and acid 

quantification in apple and tomato. Journal of Agricultural and Food 

Chemistry, 55, 3240-3248. 

Walkey, D. G. A. (1976). High temperature inactivation of cucumber and alfalfa 

mosaic viruses in Nicotiana rustica cultures. Annals of Applied Biology, 84, 

183-192. 

Wang, H., Cao, G. and Prior, R. L. (1996). Total antioxidant capacity of fruits. 

Journal of Agricultural and Food Chemistry, 44, 701-705. 

Wang, Y. T., Liu, R. L., Huang, S. W. and Jin, J. Y. (2009). Effects of potassium 

application on flavor compounds of cherry tomato fruits. Journal of Plant 

Nutrition, 32, 1451-1468. 

Ward, E. R., Uknes, S. J., Williamsn S. C., Dincher, S. S., Wiederhold D. L., 

Alexander, D. C., Ahl-Goy P., Métraux J. P. and Ryals J. A. (1991). 

Coordinate gene activity in response to agents that induce systemic acquired 

resistance. Plant Cell, 3, 1085-1094. 



206 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Weisburger, J. H. (2002). Lycopene and tomato products in health promotion. 

Experiments in Biology and Medicine, 227, 924-927. 

White, R. F. (1979). Acetyl salicylic acid (aspirin) induces resistance to tobacco 

mosaic virus in tobacco. Virology, 99, 410-412. 

White, R. F., Antoniw, J. F., Carr, J. P. and Woods, R. F. (1983). The effects of 

aspirin and polyacrylic acid on the multiplication and spread of TMV in 

different cultivars of tobacco with and without the N-gene. Phytopathology, 

107, 224-232. 

Wong, C. E., Carson, R. A. J. and Carr, J. P. (2002). Chemically-induced virus 

resistance in Arabidopsis thaliana is independent of pathogenesisrelated 

protein expression and the NPR1 gene. Molecular Plant-Microbe 

Interactions, 15, 75-81. 

Xu, C., Zhang, Y., Cao, L. and Lu J. (2010). Phenolic compounds and antioxidant 

properties of different grape cultivars grown in China. Food Chemistry, 119, 

1557-1565.  

Yin Y.G., Tominaga T., Iijima Y., Aoki K., Shibata D., Ashihara H., Nishimura S., 

Ezura H. and Matsukura Ch., (2010). Metabolic alterations in organic acids 

and γ –aminobutyric acid in developing tomato (Solanum lycopersicum L.) 

fruits. Plant Cell Physiology, 51, 1300-1314. 

Zavala, J. A., Patankar A. G., Gase, K., Baldwin, I. T., (2004). Constitutive and 

inducible trypsin proteinase inhibitor production incurs large fitness costs in 

Nicotiana attenuata. Proceedings of the National Academy of Sciences, 101, 

1607-1612. 

Zehnder, G. W., Yao, C., Murphy, J. F., Sikora, E. R. and Kloepper, J. W. (2000). 

Induction of resistance in tomato against Cucumber mosaic cucumovirus by 

plant growth-promoting rhizobacteria. BioControl, 45, 127-137. 

Zhang, S., Reddy, M. S., Kokalis-Burelle, N., Wells, L. W., Nightengale, S. P. and 

Kloepper, J. W. (2001). Lack of induced systemic resistance in peanut to late 

leaf spot disease by plant growth-promoting rhizobacteria and chemical 

elicitors. Plant Disease, 85, 879-884. 



207 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Zhou, Y. H., Peng, Y. H., Lei JL, Zou, L. Y., Zheng, J. H., Yu, J. Q. (2004). Effects of 

potato virus Y-
NTN

 infection on gas exchange and photosystem 2 function in 

leaves of Solanum tuberosum L. Photosynthetica, 42, 417-423. 

Zitter, T. A. and Murphy, J. F. (2009). Cucumber mosaic virus. The Plant Health 

Instructor, 10, 1094. 

 

 



208 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

 

 

 

 

 

APPENDIX 

 

 

An overview of the results of all physical and biochemical 

assessments 



209 

 

Maria Kalogirou Cranfield University Ph.D Thesis 2012 

Control BTH CMV BTH+CMV

F
ru

it
 w

ei
g
h

t 
w

it
h

 c
a
ly

x
 (

g
r)

0

50

100

150

200

250

300

Control BTH CMV BTH+CMV

F
ru

it
 w

ei
g

h
t 

w
it

h
o

u
t 

ca
ly

x
 (

g
r)

0

50

100

150

200

250

300

Control BTH CMV BTH+CMV

C
a

ly
x

 w
ei

g
h

t 
(g

r)

0,0

0,2

0,4

0,6

0,8

1,0

1,2

Control BTH CMV BTH+CMV

F
ru

it
 h

ei
g

h
t 

(c
m

)

0

1

2

3

4

5

6

7

Control BTH CMV BTH+CMV

F
ru

it
 d

ia
m

et
er

 (
cm

)

0

2

4

6

8

10

Control BTH CMV BTH+CMV

F
ru

it
 p

er
im

et
er

 (
cm

)

0

5

10

15

20

25

30

Control BTH CMV BTH+CMV

F
ru

it
 d

en
si

ty
 (

g
 c

m
-3

)

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

 

Figure 1 Effect of BTH application and CMV infection on the fruit weight with and 

without calyx, the calyx weight, the fruit height, diameter, perimeter and density of 

Delos tomatoes cultivated in October 2008 - April 2009 (   ), August 2009 - January 

2010 (   ) and January - June 2010 (    ). LSD bars (P=0.05) are shown. 
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Figure A.2. Effect of BTH application and/or CMV infection on sucrose, glucose, 

fructose, ascorbic, citric, lycopene, β-carotene concentrations and antioxidant activity 

expressed per fresh weight (FW) of Delos tomatoes cultivated in October 2008 - April 

2009 (   ), August 2009 - January 2010 (   ) and January - June 2010 (   ). LSD bars 

(P=0.05) are shown. 
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Figure A.3. Effect of BTH application and CMV infection on sucrose, glucose, 

fructose, ascorbic acid, citric acid, lycopene, β-carotene concentrations and 

antioxidant activity expressed per dry weight (DW) of Delos tomatoes cultivated in 

October 2008 - April 2009 (   ), August 2009 - January 2010 (   ) and January - June 

2010 (   ). LSD bars (P=0.05) are shown. 


