
ABSTRACT 

SHRESTHA, NAVIN. Mapping Quantitative Trait Loci (QTL) Associated with Flavonoids in 
Tomato (Under the direction of Dr. Dilip R. Panthee). 
 

The flavonoids are a remarkable group of plant metabolites. These are the only secondary 

metabolites which have been credited with so many diverse essential functions in growth and 

development of the plant. Anthocyanins are one of the significant components of flavonoid in a 

plant system. They play a significant role in plant resistances to biotic and abiotic stress. Their 

bioavailability and biological activities in humans appear to be strongly influenced by their 

chemical nature. A variety of biological activities possessed by flavonoids include antiallergic, 

antiinflammatory, antiviral, antiproliferative, and anticarcinogenic activities. Anthocyanins are 

getting more attention because of their strong antioxidant activity.  

Cultivated tomatoes (Solanum lycopersicum L.) do not produce anthocyanin in the fruit, 

and this trait has been introgressed from wild varieties of tomato. Fruit with the genes 

Anthocyanin fruit (Aft), Aubergine (Abg) and atroviolaceum (atv) produce varying degree of 

anthocyanin which is restricted to epidermis layer only and is responsible for imparting purple 

color. However, no detailed inheritance analysis has been performed for anthocyanin content A 

backcross population (BC1) was developed from NC74 CAP (2009) (purple) x Ailsa Craig 

(green) crossings which were grown at Mountain Horticultural Crops Research & Extension 

Center (MHCREC), Mills River, North Carolina in summer 2017 and BC1S1 population at 

Mountain Research Station, Waynesville, NC in summer 2018. In 2017, 250 different BC1 

genotypes were grown along with the parents in Completely Randomized Design (CRD), and 

their anthocyanins content were analyzed through high-performance liquid chromatography 

(HPLC) method. Anthocyanin content in NC74 CAP (2009) and Ailsa Craig was 15.51 and 7 

nmole/gfw, respectively. Population mean of anthocyanin was 12 nmole/gfw ranging from 0 to 



84.31 nmole/gfw. Based on the anthocyanin content, these genotypes were divided into three 

different groups; low, medium and high. Some progenies fall outside the range of parents, 

suggesting that there was transgressive segregation, which is one of the characteristics of a 

quantitative trait. For QTL analysis, we adopted QTL-seq approach and identified four QTL on 

chromosome 1, 2 and 4. 

In order to assess the role of anthocyanins against early blight (EB) in tomato, 32 genotypes 

of three varying degree of anthocyanin content; 12, 12 and 8 genotypes from high, medium and 

low anthocyanin level group, incorporating NC1CELBR as negative control and NC84173 as 

positive control was examined in CRD in laboratory environment. Similarly, 250 BC1S1 genotypes 

including those 32 genotypes and control lines were tested in MRS, Waynesville, NC in 

Randomized Complete Block Design (RCBD). Spores of Alternaria linariae in the concentration 

of ~105 spores/ml was inoculated in experimental genoytpes both in the field and laboratory. The 

disease was scored using Horsfall-Barratt score. Anthocyanins were found to be insignificant 

against early blight in tomato suggesting other phenolics like flavonols to be included for carrying 

out further similar experiments. 

Similarly, in order to find out the role of anthocyanins against heat stress in tomato, same 

32 genotypes as used for assessing EB resistance, along with Sun leaper as negative control and 

NC84173 as a positive control was examined in CRD in the greenhouse environment in MHCREC, 

Mills River, NC. Day/night temperature was set at 35/250C. Heat sensitive structures, mainly 

reproductive structures such as number of flowers, number of fruits, anther length, style length and 

style protrusion were analyzed. These analyses revealed the non-significant role of anthocyanins 

against heat stress in our experiment. In a further similar experiment, we suggest conducting it in 

strictly controlled environment.  



Thus, the evaluation of the role of anthocyanins to circumvent early blight (Alternaria 

linariae) and heat stress in tomato were found to be ineffective. 
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CHAPTER 1: REVIEW OF LITERATURE 

BACKGROUND 

Flavonoids are low molecular weight, polyphenolic secondary metabolic compounds, 

found in almost all fruits and vegetables (Samanta et al., 2011). Flavonoids include soluble 

pigments found in the vacuoles of plant cells (Samuel, 2018). They are called secondary 

metabolites because they are not regarded as an essential element for the plant’s survival as they 

don’t have a direct role in the normal growth, development, and reproduction of the plants but 

the plant does suffer in their absence (James, 2017; Samuel, 2018). Secondary plant metabolites 

are useful in the long run, such as defense against biotic and abiotic stress (Treutter, 2005). 

Flavonoids are beneficial for plants in several ways: they are the essential pigments for 

producing colors needed to attract pollinating insects, required for UV filtration, nitrogen 

fixation and act as a chemical messenger. These compounds can be important for human health. 

Their bioavailability and biological activities in humans appear to be strongly influenced by their 

chemical nature (Higdon, 2005). A variety of biological activities possessed by flavonoids 

include antiallergic, anti-inflammatory, antiviral, antiproliferative, and anticarcinogenic activities 

(Yao et al., 2004). There has been a growing interest in dietary flavonoids because of their 

beneficial effects as antioxidants in the prevention of human diseases such as cancer and 

cardiovascular diseases, and some pathological disorders of gastric and duodenal ulcers, 

allergies, vascular fragility, and viral and bacterial infections. (Zand et al., 2002).  

 

CHEMISTRY OF FLAVONOIDS 

Flavonoids are regarded as the largest group of phytonutrients (Harborne and Williams, 

2000), with more than 10,000 known types and the number is still increasing (Kozlowska and 
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Szostak-Wegierek, 2014). These naturally-occurring compounds are the most wide-spread, due 

to the wide range of chemical structures arising from their biosynthetic pathway (Holton and 

Cornish, 1995; Gould et al., 2008).  

Flavonoids are defined by their basic skeleton, the flavan-nucleus, which consist of two 

aromatic rings with six carbon atoms (ring A and B) interconnected by a hetero cycle including 

three carbon atoms (ring C) as shown in Figure 1.1. In other words, flavan-nucleus consists of 15 

carbon atoms arranged in three rings (C6-C3-C6). Based on the modification of central C ring 

(chromane ring or pyrane ring) they are divided into different structural classes: flavones, 

flavonols, flavanones, flavanols, isoflavones and anthocyanidins, while individual compounds 

within a group vary in the substitution pattern of the A and B rings. Alternatively, dietary 

flavonoids differ in the arrangements of hydroxyl, methoxy, and glycosidic side groups, and in 

the conjugation between the A- and B-rings (Heim et al., 2002). During metabolism, hydroxyl 

groups are added, methylated, sulfated or glucoronidated (Heim et al., 2002). It can also be said 

that diversity in flavonoid structures is due to modifications of the basic skeleton by enzymes 

such as glycosyl transferases, methyl transferases and acyl transferases (Bovy et al, 2007). 

 

 

 

 

 

 

            Based on the chemical structure, flavonoids are calssified into 12 major groups. 

However, based on dieraty significance, flavones, flavonols, flavanones, flavanols, iso-flavones 

Figure 1.1: Basic carbon skeleton of flavonoids 
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and anthocyanidins are the major six classes of flavonoids (Higdon, 2005), which is shown in 

Figure 1.2 along with the classification of polyphenols. 

 
 
                           

*Anthocyanidins with one or more sugar moieties (anthocyanidin glycosides) are called   
anthocyanins 

 
 
 

General description of the structure of six major classes is given below: 
 
            Flavones: In flavones, ring C contains a double bond between positions 2 and 3, and a 

ketone on position 4 (Figure 1.3). Most flavones of fruits and vegetables hold a hydroxyl  

group on position 5 of ring A. Apigenin and luteolin are the most widespread flavone aglycones 

            Flavonols: The only difference between flavones and flavonols is the hydroxyl group on 

position 3 of the latter (Figure 1.3). This group is perhaps the most common in fruits and 

vegetable. The most common flavonol aglycones are quercetin and kaempferol.  

            Flavanones: They are also known as dihydroflavones. The structural features of 

flavanones are the same as those of flavones, except that flavanones lack the double bond 

between positions 2 and 3 (Figure 1.3). Two representative aglycones of this group are 

naringenin and hesperetin. 

Figure 1.2: Classification of Polyphenols 
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            Flavanols: They are also called flavan-3-ols, as the hydroxyl group is almost always 

attached to the position 3 carbon of ring C (Figure 1.3). Flavanols are also interchangeable with 

the term catechins. Flavanols or catechins are often found in the skins of fruits and certain 

vegetables. 

            Iso-flavones: In contrast to other dietary flavonoids, where ring B is attached to the C2 

position of ring C, in isoflavonoids ring B is attached to the C3 position of ring C (Figure 1.3). 

Genistein and daidzein are the most common isoflavones found in soybean sprouts (Lee et al., 

2007). 

             Anthocyanidins: Chemically anthocyanidins are flavylium cations (Figure 1.3) and 

generally exist in the form of chloride salts (Yahia et al, 2010). Anthocyanidins give plants 

distinctive colors. The color of anthocyanidins can be affected by acylation or methylation at the 

hydroxyl groups of ring A and B (Yahia et al, 2010). For more clarity, anthocyanins are 

glycosides of anthocyanidins, with the sugar group mostly attached to the C3 position of ring C. 

 

 

HISTORY OF FLAVONOIDS 

Flavonoids in tomato were first studied by the team of Euler in 1933. They found yellow 

flavonoid dye in the tomato cv. Golden Queen which was found to be soluble in alkali and 

insoluble in carbon disulfide (Euler et al., 1933). This study then never gained any momentum.  

However, rutin, which gives tomato peel its typical yellow color, was isolated from leaves of 

 

   

 

  

 

  

 

  

 

  
Figure 1.3: Structure of major classes of flavonoids 

    Flavone              Flavonol        Flavanone           Flavanol     Isoflavone      Anthocyanidin 
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tomato plants and later from tomato stem epidermis (Charaux, 1924 and Fontaine at al., 1947). In 

1958, two flavonoids were isolated for the first time from fruit epidermis of three tomato 

cultivars-Ponderosa, Rutgers and Sunny Ray (Wu and Burrell, 1958). Those two flavonoids were 

naringenin and quercetin (= quercetin 3-rhamnoside). In addition, two of the cultivars-Ponderosa 

and Sunny Ray exhibited these flavonoids in leaves also, whereas Rutgers contained quercetin 

only. Flavonoids were not detected in the flesh of the fruit of all of these three cultivars.  

The occurrence of rutin (quercetin 3-O-rutinoside) from the tomato pastes made from cv. 

VF-145 was identified in 1968 (Rivas and Luh, 1968). This compound was found to be one of 

the major flavonoids in ripened tomatoes (Rivas and Luh, 1968). Rutin was the main flavonoid 

found both in stalk and fruit of cv Marmande (Tronchet, 1969). Similarly, other flavonoids; 

quercetin 3-rhamnosyl-diglucoside and quercetin triglycoside were also reported from cv. 

Marmande. However, their concentration was lower than that of rutin (Tronchet, 1969). In 

addition to this, trace amount of an uncharacterized quercetin derivative along with four 

kaempferol derivative was detected (Tronchet, 1969).  

Georgiev in 1972 reported the production of anthocyanin in the fruit of cultivated 

tomatoes after it was introgressed from Solanum chilense Dunal. Furthermore, Woldecke and 

Herrmann (1974) reported that flavonols are relatively abundant in tomato leaves. In 1979, 

Herrmann observed that two quercetin derivatives; rutin and triglycoside (partly characterized) to 

be main flavonoids in cv. Ronald V and was found in green, breaker and ripe stage. Similarly, 

Galensa and Herrmann in 1980 reported isoquercetin in the skin of cv. Fruzauber. In addition, 

naringenin, kaempferol-3-rutinoside and rutin were also identified when analysed through high-

performance liquid chromatography (HPLC) (Galensa and Herrmann, 1980).  In the same year, 
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1980, Hunt and Baker identified chalconaringenin, naringenin and naringenin 7-glucoside in the 

fruit epidermis of cv. Ailsa Craig, Grower’s Pride and Alicante. 

With the advent of modern HPLC technology in the1980s, there has been an increase in 

the detection of flavonoid compounds. Moreover, in association with the liquid chromatography-

mass spectrometry (LC-MS), the number of flavonoids from tomatoes has increased 

tremendously since the beginning of millennium (Moco et al., 2007, Lijima et al., 2008 and 

Mintz-Oron et al., 2008). However, these new compounds are partially described, and identities 

of sugar moieties and their positions on the flavonoid aglycones have not been identified. A p-

coumaric acid was found in low levels in fruit and this was the first report on an acylated 

flavonoid from tomatoes (Senter et al., 1988).  

During the last decade, the number of identified flavonoids in tomatoes have increased 

visibly and this is possible due to the adoption of advanced technology like high resolution LC-

MS coupled with molecular calculation tools. Different flavonoids  

compounds which were unidentified in yesteryears were identified with this technology. 12 

compounds were identified from different ripening stages of the cvs. Aromata, Conchita, 

Campri, Favorita, Macarena, Celine, and Cedrico (Moco et al., 2007). Similarly, in tomato fruits 

cv. Ailsa Craig, two derivates of kaempferol, six quercetins, four naringenins, two eriodictyols, 

six chalconaringenins and four of either naringenin or chalconaringenin (24 in total) were 

identified by the use of ultra-performance liquid chromatography combined with a time-of-flight 

mass spectrometry (TOF-MS) (Mintz-Oron et al., 2008). Except for rutin, naringenin and 

chalconaringenin, all other flavonoids were not identified before the use of this technology. 

Similary, use of the hyphenated LC-TOF-MS system in the tomato type Micro-Tom, about 48 

different flavonoids compounds were revealed. They were derivates of chalconaringenin (7), 
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chalcoeriodictyl (2), naringenin (7), eriodictyl (6), kaempferol (13), and quercetin (13) (Lijima et 

al., 2008).  

So, with the advancement of technology, new flavonoid compounds are being identified 

and its number is expected to increase in upcoming days.  

 

HYPOTHESIS FOR EVOLUTION OF FLAVONOID 

Close and McArthur (2002) have formulated the ‘Oxidative pressure hypothesis’ to 

explain the evolutionary concept of flavonoid distribution and abundance. 

Oxidative stress is an imbalance between reactive oxygen species and the antioxidant 

defense system, the latter of which relies heavily on nutrients. There has been some debate about 

the reasons why flavonoids have been developed during evolution. ‘Oxidative pressure 

hypothesis’ states that the distribution and abundance of many phenolics including flavonoids is 

a response by plants to prevent or minimize photodamage, but not as a trade-off in resource 

allocation in resource-limited environments or a response of herbivory (Treutter, 2006). Close 

and McArthur (2002) suggest that the level of many, if not most, phenolics vary in plants under 

different light and nutrient conditions, for the same reason that levels of other, well established 

antioxidants vary. That is, plants may increase phenolic production directly in response to the 

oxidative pressure produced from excess light energy (Figure 1.4), and as a physiological 

response to quench reactive chemical species. The authors suggested further that the observed 

ecological pattern in levels of most phenolics is more consistent with the concept that 

photodamage is the main elicitor. At the evolutionary level, patterns of phenolic levels between 

species may reflect different selective pressure from the potential risk of photodamage. 

Herbivores may be only weak selective targets for phenolics in general or strong selective targets  
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for only some phenolics. According to the hypothesis, abiotic factors, which decrease the 

efficiency of photosynthesis, are the strongest selective agents or elicitors of phenolics. In this 

concept, herbivory affects oxidative pressure less than the abiotic factors and mainly when 

severe enough to cause nutrient stress at the whole plant level.  

 

 

 

 

 

 

 

 

 

 

 

 

ANTHOCYANINS IN TOMATO 

Anthocyanins are water-soluble pigments, which are derived from flavonoids and are 

found in all plant tissues throughout the plant kingdom. Anthocyanins are either developmentally 

transient appearing in juvenile or senescing tissues, or may be permanent (Chalker-Scott, 1989). 

Similarly, anthocyanin may be environmentally transient, appearing and disappearing with 

changes in photoperiod, temperature or other signals (Chalker-Scott, 1989).  

Figure 1.4: Schematic representation of oxidative pressure 
hypothesis illustrating the evolutionary concept of flavonoid 
distribution and abundance. Symbols indicate positive (+) or 
negative (-) effects (Reproduced from Treutter (2006), modified 
form of Close and McArthur, 2002). 
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Anthocyanins are the most common class of purple, red, and blue plant pigments. 

Anthocyanins are getting more concern because of their strong antioxidant activity as measured 

by oxygen radical absorbing capacity (ORAC) assay (Jones et. al., 2003). Dietary phytonutrients 

and antioxidants obtained from the fruits and vegetables are of primary importance in the 

prevention and disease and aging. Anthocyanins and related polyphenolic and flavonoid 

compounds are considered important phytonutrient contributors (Proteggente et al. 2002).  

The pigments in most fruit and vegetables with purple color are anthocyanins (Peter et 

al., 2008). Blueberries, blackberries, raspberries and cherries have relatively high anthocyanin 

content in comparison to other fruits and vegetables (Table 1.1), Wang et al. 1997). In cultivated 

tomatoes, anthocyanins are expressed in vegetative tissues (Peter et al., 2008). However, some 

wild tomato relatives – Solanum chilense, Solanum hirsutum, Solanum cheesmanii, and Solanum 

lycopersiscoides, have fruits containing anthocyanin residing in the skin of the fruit, which has 

been transferred into a cultivated tomato (Georgiev, 1972; Rick et al., 1994). Georgiev (1972), 

first reported the production of anthocyanin in the fruit of cultivated tomatoes after introgression 

from Solanum chilense Dunal. Anthocyanins are generally located in the sub-epidermal tissue in 

green and ripe tomato fruit expressing purple skin color. (Peter et. al., 2008).  
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Table 1.1: Total Anthocyanin Content in Some Common Fruits and Vegetables. 
Fruits and vegetables     Total anthocyanins 
Blueberry  22-495 
Blackberry  83-326 
Raspberry   

 black 214-428 
 red 20-60 

Sweet cherry 350-450 
Cranberry  78 

 juice 18-87 
Strawberry  7-30 

 juice 21-333 
Red grapes  30-750 
Red wine  100-1000 
Apple (Scugog) 10 
Red onion     9-21 

 
All values are expressed on a fresh weight basis (mg/100g) except for juice and wine, expressed 
in mg/L. (Reproduced from Wang et al. (1997)) 
 

BIOSYNTHETIC PATHWAY OF ANTHOCYANIN 

Two categories of genes are involved in the synthesis of anthocyanin-structural genes and 

regulatory genes. Structural genes encode anthocyanin biosynthesis enzymes (chalcone synthase, 

chalcone isomerase, flavanone 3-hydroxylase, flavanoid 3’ hydroxylase, flavonoid 3’ 5’ 

hydroxylase, dihydroflavonol 4-reductase, anthocyanidin synthase, methyltransferase) that 

catalyze step-by- step construction of the anthocyanin molecule whereas regulatory genes 

regulate the expression of the structural gene. Regulatory genes encode transcription factors 

(TFs) and other regulatory proteins that control the activity of the promoter of the structural 

genes, modulating in this way the temporal and spatial coordination of their transcription (Al-

sane, 2011).  In tomato, Aft and Abg are the regulatory genes that involve in the upregulation of 

the flavonoid pathway, to produce anthocyanins (Boches and Myers. 2007).  
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Anthocyanin biosynthesis is a process that is interlinked with various vital cellular 

process such as Calvin cycle which is a part of photosynthesis, the pentose phosphate pathway 

which is involved in the production of NADPH, and pentoses that are also part of other vital 

processes such as pyruvate decarboxylation which in turn is connected to the Krebs cycle 

(Routray and Orsat, 2011). There are 3 main pathways which lead to the synthesis of 

anthocyanin; they are the shikimate pathway, the phenyl propanoid pathway, and the flavonoid 

pathway (Routray and Orsat, 2011).  

The shikimate pathway consists of combining phosphoenol pyruvate with erythrose-4-

phosphate resulting in the formation of chorismate, which is a precursor of many aromatic 

compounds including amino acid phenylalanine and sometimes this pathway ultimately leads to 

the formation of phenylalanine (Routray and Orsat, 2011). 

The phenylpropanoid pathway is the first step in the polyphenol biosynthesis. This 

pathway uses amino acid phenylalanine from the shikimate pathway as the initial substrate. The 

phenylalanine is converted to an activated form of cinnamic acid, that is, coumaryl CoA 

(Stafford, 1990).  

The flavonoid pathway starts with a combination of coumaryl CoA with three molecules 

of malonyl CoA. Malonly CoA is the converted product of acetyl CoA through acetyl CoA 

carboxylase reaction (Routray and Orsat, 2011). The first product of this pathway is yellow 

colored chalcone (naringenin chalcone) (Levin, 2009). Condensation of coumaryl CoA with 

malonyl CoA is performed by the enzyme chalcone synthase. The enzyme chalcone isomerase 

(CHI) isomerizes naringenin chalcone into colorless flavanones (naringenin). Even in the 

absence of CHI, naringenin chalcone may spontaneously isomerise to form naringenin (Holton 

and Cornish 1995). The core flavonoid intermediates pathway ends with the hydroxylation of 
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these flavanones to dihydroflavonol dihydrokaempferol (DHK), as a result of the action of the 

flavonoid 3-hydroxylase (Bovy et. al., 2007, Routray and Orsat, 2011, and Marti et.al., 2016).  

Dihydrokaempferol can be further hydroxylated, either at the 3’ or both 3’ and 5’ position of B 

ring forming dihydroquercetin (DHQ) and dihydromyricetin (DHM) respectively. The former 

hydroxylation is catalyzed by flavonoid 3’-hydroxylase (F3’H) and the latter by flavonoid 3’, 5’-

hydroxylase (F3’5’H).  

Kaempferol, quercetin and myricetin are major flavonols in tomato (Marti et al., 2016). 

Dihydrokaempferol directly gets converted into flavonol kaempferol when catalyzed by flavonol 

synthase (FLS).  Dihydroquercetin and dihydromyricetin are the substrates for enzyme FLS, 

leading to the formation of flavonols quercetin and myricetin respectively (Bovy et. al., 2007, 

and Marti et.al., 2016). Quercetin is a major flavonoid in tomato peel, in addition to naringenin 

chalcone (Bovy et. al., 2007 and Marti et.al., 2016). Quercetin is important, as it is the source of 

rutin in tomato (Marti et. al., 2016). 

These three dihydroflavonols act as precursors for the formation of flavan-3,4-diols 

(leucocyanidin, leucodelphinidin, leucopelargonidin), which is catalyzed by dihydroflavonol 4-

reductase (DFR). Then they are transformed into anthocyanidins (cyanidin, delphinidin, and 

pelargonidin), by anthocyanin synthase (ANS). Anthocyanidins are colored but unstable and get 

converted to anthocyanins (Routray and Orsat, 2011). The last common step for the production 

of colored and stable compounds (anthocyanins) involves glycosylation of cyanidin, delphinidin 

and pelargonidin by the enzyme UDP glucose-flavonoid 3-O- glucosyl transferase (UFGT) and 

rhamnosyl transferase (RT) into cyanidin 3-glucoside, delphinidin-3 glucoside, and pelargonidin 

3-glucoside respectively (Routray and Orsat, 2011, and Petrussa et. al., 2013). Only cyanidin 3-

glucoside, delphinidin-3 glucoside is methylated by methyltransferases (MTs) to be converted 
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into peonidin-3- glucoside and petunidn- or malvidin-3-glucoside, respectively through 

glycosylation (Routray and Orsat, 2011; Petrussa et. al., 2013). Delphinidin-type anthocyanins 

are usually found only in vegetative tissues of tomato (Bovy et al., 2007). In a research 

conducted by Jones et. al. (2003), they identified petunidin, followed by malvidin and 

delphinidine as the principle anthocyanidins in tomato fruit. 

Flavonoids that are tangible in the peel during fruit ripening are naringenin chalcone, 

quercetin-glycosides, and kaempferol-glycosides (Krause and Galensa, 1992; Muir et al., 2001). 

In fruit pericarp, enzymes chalcone synthase (CHS), chalcone isomerase (CHI) and flavonol 

synthase (FLS) are below detection level whereas in the peel CHS, flavonoid-3 hydroxylase 

(F3H), and FLS are expressed in abundance (Verhoeyen et al., 2002). 

Anthocyanin biosynthesis pathway in tomato is diagrammatically represented in Figure 

1.5 (Routray and Orsat, 2011, Aza-Gonzalez et al., 2012 and Marti et al., 2016). 
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Figure 1.5: Anthocyanin Biosynthesis Pathway 

Adapted from: 
• Blueberries and Their Anthocyanins: Factors Affecting Biosynthesis and Properties, 

Winny Routray and Valerie Orsat, 2011 
• Molecular Biology of Chilli Pepeer Anthocyanin Biosynthesis, Aza-Gonzalez et al., 2012 
• Tomato as a source of carotenoids and polyphenols targeted to cancer prevention, Marti 

et.al., 2016 
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INDUCTION OF ANTHOCYANIN BIOSYNTHESIS 

Photoinduction: Anthocyanins are photoinduced by wavelengths in the UV, visible and 

far-red regions. Induction of anthocyanins by light is supported by its inhibition in the dark 

(Chalker-Scott, 1999).  However, too much radiation in the UVB region inhibits anthocyanin 

synthesis. (Buchholz et. al., 1995). Various hypotheses have been postulated regarding 

anthocyanin synthesis, with some studies say that synthesis is induced by only the UVB 

photoreceptor while others say that synthesis is induced through some combination of the UVB 

photoreceptor, phytochrome and cryptochrome. However, many types of research have shown 

that UVB is the only photoinducer of anthocyanins, while their relative amounts are modulated 

by phytochrome (Reddy et. al., 1994). 

Cold temperature induction: Even though the role of cold temperature is less talked in 

the induction of anthocyanin, this process has evidence in deciduous plants every fall (Chalker-

Scott, 1999). Christie et al. (1994) consider the anthocyanin biosynthesis pathway to involve cor 

(cold-regulation) genes but observe that very cold temperatures destroy the biosynthetic 

capability. However, low temperatures in the absence of either visible light or UVB prevent 

anthocyanin biosynthesis (reviewed by Chalker-Scott, 1999). McKown et al. (1996) also stated 

that there is a relationship between anthocyanin biosynthesis and freezing tolerance, in either the 

synthetic or regulatory pathways leading to both.  

Osmotic induction: Accumulation of anthocyanin has been reported to be due to osmotic 

stress induced by glucose, sucrose and mannitol when studied with cell cultures of various 

species (reviewed by Chalker-Scott, 1999). Similar results have been found when experimented 

with whole-plant systems. Anthocyanin accumulation was found in Arabidopsis (Mita et al., 

1997), Terminalia catappa (Dube et al., 1993) and Hedera helix (Murray et al., 1994) when 
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grown in the presence of various sugars. Anthocyanin accumulation induced by saline conditions 

was seen in Zea mays roots, Morus alba leaves and the lower stems of Casuarine equisetifolia 

seedlings (reviewed by Chalker-Scott, 1999). 

 

GENES GOVERNING THE EXPRESSION OF ANTHOCYANIN IN TOMATO 

Till date, there are three reported genes that are responsible for expression of anthocyanin 

in fruit. They are Anthocyanin fruit (Aft) from Solanum chilense, Aubergine (Abg) from Solanum 

lycopersicoides, and atroviolacium (atv) from Solanum cheesmanii. (Georgiev, 1972 and Peter et 

al., 2008) 

Anthocyanin fruit was derived from a Solanum esculentum X Solanum chilense cross 

(Georgiev, 1972). Anthocyanin fruit gene was first acronymed as Af when described by 

Georgiev, but later on renamed as Aft by Jones to prevent confusion with anthocyanin free gene 

af which was already in use for an independent gene, the recessive anthocyanin free, which lacks 

anthocyanin in vegetative tissues (reviewed by Jones et al., 2003). DeJong et al (2004) suggested 

that Aft is an allele of the AN2 locus on chromosome 10. Aft is responsible for initiating the 

expression of anthocyanin in immature green fruit with gradual accumulation throughout 

development (Mes et. al., 2008). Cold temperature and particularly high light intensity enhance 

this gene expression (Mes, 2004). The pigment is first expressed in epidermal cells located 

outside the placental septa which later on spreads uniformly across the fruit where it is exposed 

to light (Mes et. al., 2008).  

Solanum lycopersicum fruit with Aft gene is shown in Figure 1.6 (Gonzali et al., 2009). 
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Rick et al. (1994) described a second gene - Aubergine (Abg), responsible for 

anthocyanin production in tomato fruit. Abg was obtained from the intergeneric cross S. 

lycopersicoides X S. lycopersicum and relies on chromosome 10 (Rick et. al. 1994). Abg is 

phenotypically similar to Aft in the sense that it also requires high light intensity to induce 

anthocyanin expression, however, unlike Aft, Abg has a variegated expression (Mes et. al., 2008). 

This gene is also found to be located on chromosome 10 in the same arm where Aft resides, but it 

has not been confirmed whether it lies at the same locus as Aft (Mes et. al., 2008).  S. 

lycopersicoides shows a paracentric inversion for this arm (lower arm) of chromosome 10, which 

has prevented stable introgression and study of the trait in S. lycopersicum in this cross (S. 

lycopersicum X S. lycopersicoides) (Canady et. al., 2006 and Boches and Myers, 2007). So, 

stable homozygotes of Abg have not been obtained (Jones et al., 2003). However, chromosomal  

inversion has not been known in S. chilense, the donor genome for Aft in relation to S. 

lycopersicum (Jones et. al., 2003). 

The other gene, atroviolaceum (atv) is responsible for anthocyanin accumulation in the 

entire plant. This gene was first found in Solanum cheesmaniae and is located on chromosome 7 

of tomato (Rick et. al.,1968). The atv was found to be weakly expressed as purple fruit 

Figure 1.6: Solanum lycopersicum fruit with Aft gene 

(Reproduced from Purple as a tomato: towards high anthocyanin tomatoes (2009), 
Silvia Gonzali, A. Mazzucato, P. Perata) 
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phenotype when transferred into a cultivated tomato (reviewed by Mes et al., 2008). Expression 

of atv is more intense in vegetative tissue than in fruit tissue.  

 

In fruit tissue, atv expression appears to be expressed in different cell layers which are 

not visually detectable (reviewed by Mes et al., 2008). Accumulation of atv-induced anthocyanin 

is enhanced by cool temperatures (Mes, 2004). When atv is present in the homozygous recessive 

condition, the phytochrome signaling pathway perceives a high irradiance response, resulting in 

an elevated anthocyanin response throughout the plant. This anthocyanin response is twice as 

strong in red light compared to blue light (Kendrick et al., 1997). An example of this is shown in 

Figure 1.7. 

A study conducted by Mes et. al. (2008) revealed a progression of pigment intensity as 

Aft Aft atv atv > Abg » Aft > atv. Pigment intensity expressed by the combination Abg- Aft- is 

slightly higher than the gene expressed singly. On the other hand, the combination Abg- atv atv is 

similar to the combination Aft- atv atv in terms of pigment intensity. Phenotypically, double 

mutants of atv with either Aft or Abg is distinguishable by the presence of purple stems, leaves, 

Figure 1.7: Solanum lycopersicum plant with atv gene.  

(Reproduced from Purple as a tomato: towards high anthocyanin tomatoes (2009), 
Silvia Gonzali, A. Mazzucato, P. Perata) 
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and intensely pigmented fruit. Solanum lycopersicum fruit with both Aft and atv genes is shown 

in Figure 1.8 (Gonzali et al., 2009) 

Since Aft and Abg have not been characterized yet, the pathway in which they may 

interact is unknown. However, they may act within the same pathway but are tissue specific. Aft 

and Abg do not produce an elevated anthocyanin in vegetative plant tissues, as atv does, but they 

all produce the same anthocyanidin in their specific target tissue. Aft and Abg are responsible for 

an anthocyanin response in the cell layer directly beneath the epidermis (Mes et. al., 2008). The 

intensity and timing of the response vary among the two genes, even though they share the 

property that no other tissue layers are affected (Kendrick et al., 1994). Jones (2000) reported 

that Aft does have characteristics similar to that of high-photoperiod response mutant along with 

elevated carotenoid content, which suggests that it may regulate the phytochrome pathway. The 

atv gene regulates the phytochrome response (Kerchoffs et al., 1997). 

 

Anthocyanin content can be increased through the combination of the anthocyanin-

affecting genes with selection for smaller fruit size (Jones et al., 2003). 

Figure 1.8: Solanum lycopersicum fruit with both Aft and atv genes 

(Reproduced from Purple as a tomato: towards high anthocyanin tomatoes (2009), 
Silvia Gonzali, A. Mazzucato, P. Perata) 
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FUNCTIONS OF FLAVONOIDS 

            In plants, flavonoids play major roles in many biological processes such as in  

providing pigmentation to flowers, fruits, and seeds to attract pollinators and seed dispersers, in 

plant defense against pathogenic micro-organisms, in plant fertility and germination of pollen, in 

protection against ultraviolet and in acting as signal molecules in plant-microbe interactions.   

(Koes et al., 1994; Harborne & Williams, 2000). Flavonoid is also the most important source of 

non-green coloration. It is important in yellow, blue, purple, white and black colors. 

I. Flavonoids as an antioxidant: 

Davies (1995) stated that oxidation is the transfer of electrons from one atom to another 

and represents an essential part of aerobic life and our metabolism since oxygen is the ultimate 

electron acceptor in the electron flow system that produces energy in the form of ATP (reviewed 

by Pietta, 2000). However, problems may arise when the electron flow becomes uncoupled 

(transfer of unpaired single electrons), generating free radicals. Free radicals known as reactive 

oxygen species (ROS) include superoxide (O2-), peroxyl (ROO), alkoxyl (RO), hydroxyl (OH-), 

and nitric oxide (NO). ROS continuously affect the body cells and tissues causing injury to the 

endothelial wall resulting in atherosclerotic changes (Nijveldt et. al., 2001). Various studies have 

shown the positive effect of flavonoid against heart disease like coronary heart disease. 

Flavonoids reduce the production of ROS and quench them by (i) suppressing singlet oxygen, 

(ii) inhibiting enzymes, such as cyclooxygenase, lipoxygenase, monooxygenase, xanthine 

oxidase that generate ROS, (iii) chelating ions of transition metals that may catalyze ROS 

production, (iv) quenching cascades of free-radical reactions in lipid peroxidation, and (v) 

recycling of other anti-oxidants (Mierzial et al., 2014).  
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II. Flavonoids as Defensive Compounds: 

Flavonoids can be divided into two groups based on its defense mechanism- “preformed” 

and “induced”. Plants synthesize the “induced” compounds in response to physical injury, 

infection, or stress.  The “preformed” flavonoids are natural compounds that are synthesized 

during the normal development of plant tissue. These preformed compounds are generally stored 

at sites where they may play a signaling and a direct role in defense (Truetter, 2006). 

Preformed flavonoids and herbivory: Favonoids do play a role in plant-insect interaction 

(Treutter, 2006). Among plant secondary metabolites, flavonoids are reported to have significant 

role against herbivores (Feeny, 1976). In contradiction to this, Simmonds (2003), states that it is 

not clear whether insects or plants get the benefit. Insects might sequester the flavonoid in their 

cuticle to get prevented from the predators or in their wings to attract mates. On the other hand, 

flavonoids may behave as antifeedants, as toxins, and as digestibility reducers so that insects are 

deterred (reviewed by Treutter, 2006). Flavonols quercetin and its glycoside rutin cause larval 

mortality of the tobacco armyworm (Spodoptera liture) (Mallikarjuna et al., 2004). Similarly, the 

biochemical basis for nematode resistance of banana is because of flavan-3,4-diols and 

condensed tannins (Collingbom et. al., 2000). Laitinen et. al. (2004) reported that the flavonoids 

in birch bark tree are responsible for resistance to mammalian herbivores, such as hares. 

Antifungal activity of preformed flavonoids: The antifungal activity is based on the 

inhibition of spore development and mycelium hyphae elongation (Blount et al.,1992). The 

strongest antifungal activity is demonstrated by unsubstituted flavones and unsubstituted 

flavanones. Hydroxyl groups in these compounds reduce antifungal properties against Alternaria 

tenuissima, Cladosporium cladosporioides, Spicellum roseum and Trichoderma hamatum 

(Weidenborner and Jha, 1993). Similarly, Weidenborner and Jha (1993) also reported that 



23 

 

methyl groups reduce antifungal properties. Flavonoids like isoflavones, flavanes and flavanones 

inhibit root pathogens belonging to fungi such as Fusarium oxysporum f.sp. Phaseoli (Makoi and 

Ndakidemi, 2007). Preformed flavanols in apple leaves are said to play a defense role against the 

fungus Venturia inaequalis (reviewed by Treutter, 2006).  

A study conducted by Skadhauge et. al., (1997) in barley suggested that 

proanthocyanidins and even small amounts of dihydroquercetin are involved in the defense 

against Fusarium species (F. poae, F. culmorum, and F. graminearum) Table 1.2 summarizes 

this research. 

Table 1.2: Flavonoids in the testa layer of barley genotypes and resistance to Fusarium. 
(Adapted and modified after Skadhauge et. al. (1997) and Treutter (2006)) 
Genotypes Flavonols in the testa layer Inhibition of 

Fusarium infection 

Triumph (WT) anth., cat., pa + + 
Alf (WT) anth., cat., pa + + 
Grit (WT) anth., cat., pa + + 
ant 13-152 - - 
ant 17-148 (FHT-mutant) homoeriodoctyol, chrysoeriol             - 
ant 19-159 (DFR-mutant) dihydroquercetin +++ 
ant 19-109 anth., cat., procyanidin B3                 + 
ant 22-1508 homoeriodoctyol, chrysoeriol            - 
ant 25-264 anth. - 
ant 26-485 anth., cat. + 
ant 27-489 anth., cat. + 
ant 28-484 anth. + 
ant 29-2110 anth., pa + 
Note:   
FHT = flavanone 3�-hydroxylase                           
DFR = dihydroflavonol-4-reductase                       
anth. = anthocyanins                                
cat. = catechins   
pa = proanthocyanidins   
- no inhibition   
+ little inhibition   
+ + inhibition   
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Induced defensive flavonoids (Biotic Stress): In plants, flavonoids are seen to rise in 

their concentration, or their formation are induced after attack or injury by pathogens or pests 

preventing the hosts from further loss (Barry et. al., 2002; Gallet et. al., 2004). Production of 

epidermal anthocyanin in cotton leaves as resistance to bacterial blight (Xanthomonas campestris 

pv. malvacearum) is a good example of induced flavonoids as defense (Kangatharalingam et. al., 

2002). Flavanols get accumulated in the lesion margins of Eucalyptus globulus when infected by 

fungi Cytonaema sp. (Eyles et al., 2003). Similarly, Pearce et al. (1998) reported that the 

synthesis of phenolic compounds was induced in tomato leaf tissues when wounded. The 

amounts of two phenolic compounds, E-feruloyltyramine and E-p-coumaroyltyramine, increased 

10-fold in tomato leaves in response to mechanical wounding.  

Research conducted by Medic-Pap et al. (2015), concluded that tomato fruits synthesized 

phenolic compounds as a part of the defense system. They found variation in total flavonoids 

content of healthy fruits and infected fruits that were infected by fungi Alternaria linariae 

(=Alternaria solani) causing Early blight. Total flavonoids content in infected fruits were 1.42 to 

3.73 times higher than the flavonoid content in healthy fruits. It is represented in Figure 1.9 

(Medic Pap et al., 2015). 
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The involvement of flavonoids in plant defense depends on the species. Species having  

low flavonoids are less significant in plant defence (Logemann and Hahlbrock 2002). In bilberry 

(European blueberry), infection by a fungal endophyte (Paraphaeosphaeria sp.) and a fungal 

pathogen (Botrytis cinerea) lead to increased biosynthesis of phenolic compounds (Koskimaki et 

al., 2009). Accumulation of phenolic compounds was specific for each infection. Infection by the 

pathogen promoted specifically accumulation of epigallocatechin, quercetin-3-glucoside, 

quercetin-3-O-α-rhamnoside, quercetin-3-O-(4’’-HMG)-R-rhamnoside, chlorogenic acid and 

coumaroyl quinic acid. The endophyte infected plants had a higher content of quercetin-3-

glucuronide and coumaroyl iridoid (Koskimaki et al., 2009). The uninfected samples contained 

high quantities of insoluble proanthocyanidins, whereas the infected samples had an abundance 

of less polymerized, oligomeric proanthocyanidins (Koskimaki et al., 2009).   

Induced defensive flavonoids (Abiotic Stress): Flavonoids along with other phenolic 

compounds are sometimes attributed to playing role in frost hardiness (Chalker –Scott & 

Krahmer, 1989) and drought resistance (Pizzi & Cameron, 1986) in the cell wall and at 

membranes. Furthermore, Tattini et al (2004) also believe that flavonoids have a protective role 

Figure 1.9: Total flavonoids (TF) content in healthy and infected tomato fruits by 
Alternaria linariae 

(Reproduced from Medic Pap et al., 2015. Influence of tomato genotype to phenolic 
compounds content and antioxidant activity as reaction to Early blight) 
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during drought stress. One of the significant roles of flavonoids is photoprotection which is 

contributed by high quercetin: kaempferol ratio, which is recorded in Petunia leaves (Ryan et al., 

2002). 

Role of temperature in the synthesis of phenolic compounds in tomatoes has not been 

properly assessed (Dumas et al. 2003). In Arabidopsis thaliana, the lower temperature between 5 

and 100C was seen to induce flavonol accumulation (reviewed by Slimestead and Verheul, 

2009). Differences between day and night temperatures have a marked effect on the 

accumulation of anthocyanin pigments in apple and berry skin (Tomas-Barberan and Espin, 

2001). 

Depending on the plant and parts of the plant, high temperature either decreases or 

increases the synthesis of anthocyanins. High temperature decreases anthocyanin synthesis in 

reproductive parts of red apples, chrysanthemums and asters whereas high temperature stress 

increases the anthocyanin accumulation in vegetative tissue of rose and sugarcane leaves 

(reviewed by Wahid et al., 2007). Low concentration of anthocyanin even at a high temperature 

may be due to its decreased rate of synthesis and stability (Shaked-Sachray et al. 2002). 

Flavonoids are also believed to play a role in response to heat stress. Teklemaraim and 

Blake (2003) suggest that the antioxidant activity of flavonoids may increase heat tolerance, 

which held for cucumber seedlings (Cucumis sativus L.). The UV-induced flavonols reduced the 

oxidative degradation of membrane lipids. 

III. Flavonoids in clinical effects 

Antiinflammatory effects: Flavonoids have anti-inflammatory feature because of its 

ability to inhibit eicosanoid biosynthesis (reviewed by Nijveldt et. al., 2001). Eicosanoids, such 

as prostaglandins, are involved in various immunologic responses and are the end products of the 
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cycloxygenase and lipoxygenase pathways (Moroney et. al., 2001). Cycloxygenases and 

lipoxygenase play an essential role as inflammatory mediators. They are involved in the release 

of arachidonic acid, which is a starting point for a general inflammatory response (Nijveldt et. 

al., 2001).  

Antitumour Effects: ROS can damage DNA, and the division of cells with unrepaired or 

misrepaired damage leads to mutations, increasing the exposure of DNA to mutagens (Nijveldt et 

al., 2001).  Flavonoids as an antioxidant have also shown its ability to inhibit carcinogenesis 

(Stefani et al. 1999). The inverse association between flavonoid intake and the subsequent 

incidence of lung cancer has been suggested by the study conducted by Knekt et al. in 1997. 

Antithrombogenic Effects: Aggregation of platelet is responsible for the development of 

atherosclerosis and acute platelet thrombus formation, leading to embolization of stenosed 

arteries (Nijveldt et al., 2001). These platelets adhering to vascular endothelium generate lipid 

peroxides and oxygen free radicals, which inhibit the endothelium formation of prostacyclin and 

nitrous oxide (Nijveldt et al., 2001).  Flavonols are supposed to maintain proper concentrations 

of endothelial prostacyclin and nitrous oxide by directly scavenging free radicals (Gryglewski et 

al., 1987). 

Antiosteoporotic Effects: The flavonoids present in tea is found to be responsible for the 

prevention of osteoporosis (Hegarty et al., 2000). 

Antiviral Effects: The antiviral activity of flavonoids was shown in a study by Wang et 

al. (1998). Some of the viruses reported to be affected by flavonoids are herpes simplex virus, 

respiratory syncytial virus, parainfluenza virus, and adenovirus (Nijveldt et al., 2001). 
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An overview of the links between the working mechanisms and clinical effects of 

flavonoids is graphically presented in Figure 1.10. 

 

 

 

 

 

 

 

 

 

 

 

 

IV. Flavonoids as UV-filters: 

Flavonoids protect the plant against UV damage as they act as screen absorbing UV 

radiation. Since, flavonoids are accumulated mostly in the epidermis and hypodermis of leaves 

and stems, apical meristem and pollen, this reduces the chances of UV light penetrating to 

vulnerable tissues or organs (Mierziak et. al., 2014). The spectrum of UV radiation reaching the 

earth’s surface has been divided into lower energy UV-A (320-400nm), higher energy UV-B 

(280-320 nm) and UV-C (254-280 nm). The damage caused by UV-B is severe as it may affect 

vital processes in plants like photosynthesis, transpiration and pollination (Tevini and 

Teramura,1989; Lindroth, 2000). Besides, it also causes DNA and cellular damage, induces plant 

Figure 1.10: Links between the working mechanisms of flavonoids 
and their effects on disease. 

Note: NO=Nitrous oxide 
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foliar chemistry, including a decrease in carbohydrate concentrations (Tevini and 

Teramura,1989; Lindroth et al., 2000). UV-B radiation is also reported to weaken the defense 

mechanism of plants promoting the pathogenicity of the pathogens like fungus (Sharma, 2001). 

Flavonoids generally absorb UV-B radiation and act as a filter protecting the tissues from 

damage (reviewed by Samanta et la., 2011). It does so by reducing epidermal penetration of UV-

B radiation selectively protecting internal tissues without interfering photosynthesis (Caldwell et 

al., 1983).  

V. Flavonoids as signal molecule for symbiotic interactions: 

During normal growth and development of plants, a wide variety of flavonoids are 

synthesized in both roots and shoots. Flavonoids are involved in the nodulation process (Ferreyra 

et. al., 2012).  This is further supported by Wassen et al. (2006); flavonoid deficient roots of 

transgenic plants produced by RNA interference of chalcone synthase were unable to produce 

nodules. Legume-rhizobial nodulation starts with a signal exchange between the symbiotic 

partners and this process commences with the production of host-specific signal molecules 

flavonoid and isoflavonoid through roots. Charactersistics flavonoid is produced by legume 

which acts as signals for various microbes, including symbionts and pathogens (Straney et al., 

2002).  The release of flavonoids is strongest at root tips and the emerging root hairs, which are 

the target sites for Rhizobium infections (Abdel-Lateif et al., 2012). Flavonoids act as 

chemoattractants for rhizobia and as specific inducers of rhizobial nodulation genes (nod-genes), 

which control root nodule formation in the nitrogen-fixing bacteria (Tsai et al., 1991). However, 

flavonoids can influence the expression level of bacterial nod genes both positively and 

negatively (Reddy et al., 2007; Cooper 2004). Isoflavones daidzein and genistein induce nod 

genes in Bradyrhizobium japonicum but inhibit their expression in Sinorhizobium meliloti. On 



30 

 

the other hand, naringenin stimulates nod formation in Rhizobium leguminosarum, but quercetin 

represses its expression (Mierziak et al., 2014). Mechanism of nodule formation initiates through 

binding of flavonoids to bacterial NodD proteins (Mierziak et al., 2014). Figure 1.11 (Samanta et 

al., 2011) shows a schematic model of flavonoid secretion from soybean roots and the inter-

recognition between legume and Rhizobium.   

 

 

Flavonoids also play a role in the formation of mycorrhiza, which is a symbiotic 

relationship between a plant and soil-borne fungi that colonize the cortical tissue roots (Mierziak 

et al., 2014). During mycorrhiza development in white clover, melon roots, and Medicago 

truncatula, it was found that the level of flavonoid was raised (Ponce et al., 2004; Akiyama et al., 

2002; Schliemann et al., 2008). Similarly, flavonoids such as quercetin, quercetin galactoside, 

and kaempferol, have a positive effect on the growth of hyphae and spore germination of 

mycorrhizal fungi (reviewed by Mierziak, 2014). 

VI. Flavonoids as attractants for pollination and seed dispersal  

Insect pollinated plants (e.g. Petunia) generally have flowers with large, brightly colored 

petals, while most of the wind pollinated (e.g. corn) have flowers which are often small, dull and 

Figure 1.11: Schematic model of flavonoid secretion from soybean roots and the 
inter-recognition between legume and rhizobium 

(Reproduced from Samanta et al. (2011). Roles of flavonoids in plants) 
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apetalous (Koes et. al., 1994). Pigmentation acts as a signal to attract pollinating insects or birds. 

Anthocyanins are the major flavonoid compounds that contribute to the pigmentation of flowers 

(Kong et al., 2003). In addition to this, various flavonols and flavones act as co-pigments with 

anthocyanins that help to intensify flower color (Forkmann and Martens, 2001). Even colorless 

flavonoids contribute to flower color giving creamy or ivory appearance in petals which 

otherwise would be translucent (Forkmann, 1991). 

Flavonoids (anthocyanins. flavonols, chalcones) often accumulate in both the male and 

female sex organs in flower, including the pollen grains (Farrant, 2000). The role of flavonoid in 

pollen fertility was first established in maize, with its well characterized anthocyanin mutants 

(Mo et al., 1992). Pollak et al. (1993) reported that flavonoid deficient mutants are lacking 

chalcone synthase were generated in maize and petunia to elucidate the roles of flavonoids, and 

they were male sterile as no functional pollen tube was produced. However, this deficiency could 

be reversed by the addition of flavonol kaempferol at pollination (Mo et al., 1992).   

Flavonoids also determine which animal vector is attracted to accomplish pollination. In 

Petunia integrifolia, flowers are red and bees pollinate them, whereas in Petunia axillaris, 

flowers are white and moths pollinate them (Wijsman, 1983).  

Flavonoids present in fruit are thought to attract frugivorous consumers which assist in 

seed dispersal. However, this is applicable for larger plants such as trees, for which the seeds 

need to carry away from their parent territory to ensure germination (Anderson and Markham, 

2005)  

VII. Flavonoids as Phytoalexins 

Different types of phenylpropanoids are induced in plants by various biotic and abiotic 

stresses. Phenylpropanoids which are stress-induced are classified as phytoalexins. These are 
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antimicrobial compounds synthesized in response to pathogen attack. Their level increases 

around the site of infection to concentrations toxic to pathogens in in vitro bioassays. (Dixon and 

Paiva, 1995). Phenylpropanoid compounds are also induced in response to wounding or feeding 

by herbivores. Increased levels of coumestrol and coumarin are toxic to potential herbivores, 

causing estrogenic and anticoagulant effects (reviewed by Dixon and Paiva, 1995). Wound 

induced chlorogenic acid, alkyl ferulate esters, and cell wall-bound phenolic esters may act 

directly as defense compounds or may serve as precursors for the synthesis of lignin, suberin, 

and other wound-induced polyphenolic barriers (Bernards and Lewis, 1992).  

Induction of phenylpropanoids by other stresses have been less well studied. Though Christie et. 

al. (1994) found that cold stress increases the levels of anthocyanin, but the reasons for this 

increment are not clear. The concentration of phenylpropanoids increased in roots or root 

exudates due to various nutritional disorder. For example, low nitrogen induces flavonoid and 

isoflavonoid nod gene inducers and chemoattractants for nitrogen-fixing symbionts (Wojtaszek 

 

 
 

Figure 1.12: Example of Stress-Induced Phenylpropanoids 

(Reproduced from Stress Induced Phenylpropanoid Metabolism.  Modified from 
Richard A. Dixon and Nancy L. Paiva 1995 American Society of Plant Physiologists 
Vol 7 pp. 1085 – 1097) 
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et al., 1993). Example of stress-induced phenylpropanoids is represented in Figure 1.12 (Dixon 

and Paiva, 1995)  

VIII. Role of Anthocyanin in the shelf life of tomato: 

Anthocyanins do play a role in extending the shelf life of tomato by delaying 

overripening and reducing susceptibility to gray mold (Zhang et. al., 2013; Bassolino et. al., 

2013). Shelf life is one of the most important horticultural traits of tomato which is determined 

by two major components; fruit softening during over ripening and susceptibility to fungi 

Botrytis cinerea, an important economic postharvest pathogen (Dean et al., 2012). Bassolino et. 

al., (2013) reports that the softening of fruit is delayed in Aft/Aft atv/atv tomatoes when 

compared to wild type (WT) Ailsa Craig. Aft/Aft atv/atv fruits and Ailsa Craig fruit when stored 

at 170C, 100% of the fruit softened after 70 days and 42 days respectively and the proportion of 

fresh weight loss was higher in Ailsa Craig than in Aft/Aft atv/atv fruits. Zhang et. al., (2013) also 

reported the similar finding of anthocyanin extending the self-life of tomato by 2-fold. The 

susceptibility anthocyanin rich fruit (Aft/Aft atv/atv) to an important necrotrophic pathogen 

Botrytis cinerea is reduced when compared to WT (Ailsa Craig). This reduced susceptibility 

could be due to their antioxidant activity which counterbalances the oxidative burst induced by 

B. cinerea (Zhang et. al., 2013). The oxidative burst is thought to heighten the infection by this 

necrotrophic fungus that feeds on dead tissue. Anthocyanin alters the mechanism of ROS burst 

generated by B. cinerea which in turn reduces the host cell death creating an unfavorable 

condition for the growth of necrotroph (Zhang et. al., 2013). 

Model for the mechanism of shelf life extension in anthocyanin rich tomatoes in 

represented in Figure 1.13 (Zhang et. al., 2003). 
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Thus, anthocyanins are found to have beneficial functions protecting plants against 

various biotic and abiotic factor. Besides their protective roles in plants, interest on anthocyanins 

is increasing because of their health properties in the human diet. So, the tomato is an excellent 

candidate for the study of a protective role against early blight and heat stress, since it is most 

important, commonly consumed vegetables in human diets worldwide (Bovy et al., 2002; Willits 

et al., 2005). Furthermore, tomato fruits are naturally devoid of anthocyanins (Torres et al., 2005, 

Mes et al., 2008. Gonzali et al., 2009) 

 

RESEARCH OBJECTIVES 

While three genes associated with flavonoid levels have been reported, there may be minor 

genes controlling the flavonoid levels in tomato. We hypothesize that genotypes with an elevated 

level of flavonoid will have improved level of tolerance to biotic and abiotic stress tolerance. 

Hence the proposed thesis research has the following research objectives: 

Figure 1.13: Model for the mechanism of shelf life extension in anthocyanin rich 
tomatoes 

(Reproduced from Modified after Zhang et. al., 2003. Anthocyanins double the shelf 
life of tomatoes by delaying overripening and reducing susceptibility to gray mold) 
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1. Mapping QTL associated with flavonoid content in tomato 

2. Investigate the response of tomato genotypes with different levels of flavonoids to early 

blight, and  

3. Investigate the response of tomato genotypes with different levels of flavonoids to hear 

stress tolerance 
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CHAPTER 2: MAPPING QUANTITATIVE TRAIT LOCI (QTL) ASSOCIATED WITH 

FLAVONOID IN TOMATO 

ABSTRACT 

Flavonoids are a group of plant secondary metabolites which are reported to provide 

health benefits through antioxidant effects. Based on human dietary values, flavonoids include 

anthocyanins and five other subclasses. Anthocyanins are found in most of the vegetables and 

fruits, often a source of visual colors such as orange, red, blue and purple. Anthocyanin sin 

tomato plants and fruits are relatively uncommon but have introgressed from its wild accessions 

into the cultivated tomato. Little is known about the genes responsible for the biosynthesis of 

anthocyanin in tomato, although three genes linked to synthesis. The inheritance and segregation 

pattern of these genes are still unknown, and there may be other genes involved in anthocyanin 

synthesis in tomato. We were identified to identify the QTL associated with anthocyanin content 

in tomato. To achieve this objective, a backcross population BC1 (NC 16267) of 250 individuals 

was developed from the parents-NC74CAP (purple) x Ailsa Craig (green) and grown at the 

Mountain Horticultural Crops Research and Extension Center (MHCREC), Mills River, NC. The 

other parent used was NC 74CAP. The resulting BC1S1 population was grown at the Mountain 

Research Station (MRS), Waynesville, NC adopting randomized complete block design (RCBD) 

with two replications. Anthocyanins content in both generations were quantified using high 

performance liquid chromatography (HPLC). QTL-seq approach was adopted by performing the 

Next -Generation Sequencing of Bulk Segregant Analysis (NGS-BSA) of the DNA bulk from 

low and high anthocyanin containing individual plants from BC1 population. Five QTL were 

identified on chromosome 1,2,4, and 7 responsible for anthocyanin content in tomato. However, 

we declare only four QTL in chromosome 1,2, and 4 to be novel as the one located in 
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chromosome 7 is not investigated whether to be the same QTL as previously reported or a novel 

one. These QTL located on chromosome 1, 2 and 4 may be informative to explain the genetic 

control of anthocyanin biosynthesis in tomato and to manipulate its content by breeding.  

 

INTRODUCTION 

Tomatoes comprise an important part of the human diet, with per capita consumption in 

the the United States of 9.67 kilograms in 2016 (The Statistics Portal, 2016). Tomatoes comprise 

19% of all vegetable consumption worldwide, close to the leader potato at 23% (Reimers et al., 

2016). In production, 177 million tonnes of tomatoes and 377 million tonnes of potatoes were 

grown globally in 2016 (FAOSTAT, 2016).  

Tomatoes are an important source of antioxidants such as flavonoids. Flavonoids are the 

low molecular weight secondary polyphenolic metabolites. Consumers have become more aware 

of secondary metabolites and their influence on quality and health properties of food and food 

products (Stobiecki et al. 2002). Flavonoids in particular, flavonoids are gaining more 

momentum because of emerging evidence of protective effects against oxidative stress and 

chronic (Ross and Kasim 2002; Rein et al. 2006). Flavonoids also affect enzymatic activities and 

their interaction with signal transduction pathways, leading to changes in the expression of genes 

involved in cell survival, cell proliferation and apoptosis, ultimately leading to health promoting 

properties (Bovy et al. 2007). As tomatoes are widely and frequently consumed, they offer a 

means of effective delivery of dietary flavonoids. 

While tomatoes are relatively low in phenolics compared to other vegetables (Vinson et 

al., 1998), the large consumption of tomatoes makes them an important dietary source. 

Taxonomically, the cultivated tomato is a member of clade of red fruited tomato species which 



55 

 

do not produce significant fruit anthocyanin, one of the major phenolic subclasses (Moyle, 

2008). The ancestors of red fruited tomato species have green fruit and they often produce 

anthocyanin in the fruit in a striped or spotted fashion (Moyle, 2008). The restoration of 

anthocyanin production in Solanum lycopersicum has been accomplished by introgression of 

genes from green fruited tomatoes. Until recently, three genes have been reported responsible for 

anthocyanin synthesis. They are Anthocyanin fruit (Aft) from Solanum chilense, Aubergine (Abg) 

from Solanum lycopersicoides, and atroviolacium (atv) from Solanum cheesmanii. (Mes et al., 

2008) 

Anthocyanin fruit was derived from a Solanum lycopersicum X Solanum chilense cross 

(Georgiev, 1972). DeJong et al (2004) suggested that Aft is an allele of the AN2 locus on 

chromosome 10. Aft is responsible for initiating the expression of anthocyanin in immature green 

fruit with gradual accumulation throughout development (Mes et. al., 2008). Cold temperature 

and especially particularly high light intensity enhance this gene expression (Mes, 2004). The 

pigment is first expressed in epidermal cells located outside the placental septa which later on 

spreads uniformly across the fruit where it is exposed to light (Mes et. al., 2008).  

The second gene - Aubergine (Abg) was described by Rick et al. (1994). This gene is 

responsible for anthocyanin production in tomato fruit. Abg was obtained from the intergeneric 

cross S. lycopersicoides X S. lycopersicum and is stated to be linked to a random amplified 

polymorphic DNA (RAPD) marker on chromosome 10 (Rick et. al. 1994). Abg is phenotypically 

similar to Aft in the sense that it also requires high light intensity to induce anthocyanin 

expression, however unlike Aft, Abg has variegated expression (Mes et. al., 2008). This gene is 

also found to be located on chromosome 10 in the same arm where Aft resides, but it has not 

been confirmed whether it lies at the same locus as Aft (Mes et. al., 2008).  S. lycopersicoides 
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shows a paracentric inversion for this arm (lower arm) of chromosome 10, which has prevented 

stable introgression and study of the trait in S. lycopersicum in this cross (S. lycopersicum X S. 

lycopersicoides) (Canady et. al., 2006 and Boches and Myers, 2007). So, stable homozygotes of 

Abg have not been obtained (Jones et al., 2003). However, chromosomal inversion has not been 

found in S. chilense, the donor genome for Aft in relation to S. lycopersicum (Jones et. al., 2003). 

The other gene, atroviolaceum (atv) is responsible for anthocyanin accumulation in the 

entire plant. This gene was first found in Solanum cheesmaniae and is located on chromosome 7 

of tomato (Rick et. al.,1968). The atv was found to be weakly expressed as purple fruit 

phenotype when transferred into cultivated tomato (Mes et al., 2008). Expression of atv is 

intense in vegetative tissue than in fruit. Accumulation of atv-induced anthocyanin is enhanced 

by cool temperatures (Mes, 2004). 

 It is possible that there are more than three genes responsible for anthocyanin synthesis in 

tomato, including minor genes involved in flavonoid (anthocyanin) production. We are interested 

to identify those quantitative trait loci (QTLs). With the availability of reference genome 

sequence of tomato, we try to utilize the next generation sequencing approach to expedite 

mapping of quantitative trait loci. Previously, distantly related parents were used comprising 

many single nucleotide polymorphisms (SNPs) for generating population so as to facilitate 

molecular marker development and quantitative trait loci mapping. Populations derived from this 

cross yielded many QTL segregating for the traits (van der Knaap and Tanksley, 2003).  

Importantly, the number of nucleotide polymorphisms will remain the same or is not 

limiting when a whole genome resequencing approach is employed (Illa-Berenguer et al., 2015). 

When it is assumed that few QTL will segregate, then the concept of Bulk Segregant Analysis 

(BSA) followed by whole genome resequencing should be a good approach to hasten the QTL 
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mapping process. Alternatively, this process enables the rapid identification of QTL regions, 

markers, and candidate genes associated with the traits of interest in the F2 population 

(Runagrak, 2018).  

BSA has been a valuable tool for a number of years identifying markers in a genomic 

region associated with a trait of interest (Giovannoni et al., 1991; Michelmore et al., 1991). BSA 

is responsive to any codominant markers such as Single Nucleotide Polymorphism (SNP) 

markers, making it adaptable for use with Next-Generation Sequencing (NGS) reads (Mansfeld 

and Grumet, 2018). The BSA procedure involves establishing, phenotyping and genotyping a 

segregating population and selecting the individuals with two extremes for the same trait of 

interest, such as our proposed selection for individuals with high and low anthocyanin content. 

DNA from these individuals is pooled into two bulks of high and low, which are the subject to 

sequencing and SNP calling. This ultimately reduces the time required for the development of 

markers. 

In plant breeding research, the main pipeline used for BSA, which is termed as QTL-seq 

was developed by Takagi et al. (2013). This QTL-seq approach has been widely used for many 

traits in several crops and has been implemented to identify the QTLs associated with disease 

resistant rice (Takagi et al., 2013), early flowering traits in cucumber (Lu et al., 2014), major trait 

associated QTLs in chickpea (Das et al., 2015), fruit weight and locule number in tomato (Illa-

Berenguer et al., 2015) and early flowering trait in tomato (Ruangrak et al., 2018). Here, the 

main focus of this study was to identify the QTL associated with anthocyanin content in tomato 

using QTL-seq approach. 
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MATERIALS AND METHODS 
 
Plant materials and plant growth 
 

A backcross population (BC1), NC 16267, was developed from NC74 CAP (2009) 

(purple) x Ailsa Craig (green) crossings. The backcross population consisting of 250 individual 

plants along with P1 (NC74 CAP (2009)) and P2 (Ailsa Craig) were sown in ‘seed mix’ on flat 

tray on April 26, 2017. They were transplanted in 72 celled trays containing seed mix on May 

11, 2017. After transplanting they were fertilized with 20:20:20 ratio of nitrogen, phosphorus and 

potassium respectively. They were planted in the field at the Mountain Horticultural Crops 

Research & Extension Center (MHCREC), Mills River, North Carolina on June 7, 2017. The 

subsequent backcross generation (BC1S1) was grown in Mountain Research Station (MRS), 

Waynesville, NC. The recommended management practices for fertilization, insect management 

and other bacterial and fungal diseases were done according to standard recommendations. 

Anthocyanin Quantification 

Leaf samples for anthocyanin content were taken on June 5, 2017. Three-four young 

matured leaves from 3-week old seedlings, were collected in 2ml tubes and were placed in 96 - 

well polypropylene plate, which were stored at -800C. Anthocyanin content of parents and 

backcross population were quantified using high-performance liquid chromatography (HPLC) 

technique at Wake Forest University, Winston-Salem, NC. 

At first, 600 µl of extraction buffer (1% HCl in methanol) was added in each tube 

containing the samples and a bead. They were then homogenized at 1400 rpm for 10 mins through 

MiniG bead beater. After removing the beads from the tubes, homogenates were centrifuged at 

high speed for 5 minutes. Then, 400 µl supernatant was transferred to a new tube, making sure that 

no pellet materials were transferred. After adding 300 µl of H2O to supernatant, 300 µl of 
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chloroform was added and shaked vigorously for 1 minute and subsequently centrifuged at high 

speed for 5 minutes. 200 µl of the top aqueous plate was transferred to plate wells and placed them 

in a plate reader. Sample absorbances were read at 530 nm and 657 nm using the 

spectrophotometer calibrated with distilled water as the blank. Samples were diluted so that 

absorbance readings are ≤ 1. The difference (A=A530 – A657) in the absorbance between the two 

wavelengths was used to calculate anthocyanin content as cyanidine-3-glucoside with molar 

absorptivity (ε) of 26,900 L/cm/mol. The concentration of anthocyanins (C) was determined 

applying the Lambert-Beer law, which is mathematically represented as,  

C = 
#
$% , where L= height of liquid (200 µl) in 96-well plate = 0.622 cm. 

The amount of nmoles was calculated by using the concentration (C) obtained above, the dilution 

factor, and the total volume of the aqueous phase. Then the total amount of nmoles was divided 

by the weight of the tissue sample in order to express the anthocyanin content as nmole per gram 

fresh weight (nmole/gfw). 

DNA analysis 

Leaf samples for DNA extraction were taken on May 24, 2017. About 50 mg of young 

tender fully opened leaves were taken as samples in 1.5 ml tubes and were placed in 96-well 

polypropylene plate. Samples were then stored at -800C. DNA was extracted following protocol 

modified from Alonso Lab and Schnable Lab (Supplemental Information, SI 1) which is based 

on cetyltrimethylammonium bromide (CTAB) method. DNA was quantified through Nanodrop 

2000 Spectrophotometer (Thermo Scientific,DE). 

DNA of BC1 population (NC 16267) showing two extremes of anthocyanin content 

which ranged from 4.37 to 7.73 nmole/gfw and from 27.64 to 84.31 nmole/gfw, were pooled 

together to create two bulks. The highest extreme contained eight individuals and the lowest 
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extreme contained 12 individuals. 20 µl of DNA sample was taken from each individual of two 

extremes and two DNA pool were formed for genome sequencing. 

Whole-genome sequence of bulked DNA 

Genomic DNA (gDNA) was submitted to the North Carolina State Genomic Sciences 

Laboratory (Raleigh, NC, USA) for Illumina library construction and sequencing. Prior to library 

preparation, the DNA template was quantified by a Qubit 2.0 Fluorometer (Invitrogen, USA). 

Library construction was performed using an Illumina TruSeq Nano Library kit with provided 

protocol. Briefly, the gDNA was fragmented using a Covaris S220 Ultrasonicator (Covaris, 

USA) and purified using AMPure XP beads (Beckman Coulter, USA). The fragments were then 

end-repaired, followed by 550 bp insert size-selection using sequential AMPure XP bead 

isolation steps. After adapter ligation, the library was enriched by PCR amplification. The 

amplified library was checked for quality and final concentration using an Agilent 2200 

Tapestation (Agilent Technologies, USA) before sequencing on an Illumina HiSeq 2500 

sequencer, utilizing a lane of 125 bp single-end flowcell sequencing run with HiSeq SR Cluster 

and 250 cycle SBS reagent kits v4 (Illumina, USA). Raw .bcl, or base call files, were then de-

multiplexed by sample into discrete fastq files for data submission. 

Alignment of short reads to the reference sequence and sliding window analysis 

We obtained 1,048,576 SNPs from DNA bulk of high group and low group. These reads 

were aligned to the reference sequence of the tomato (S. lycopersicum) 

(ftp://ftp.solgenomics.net/tomato_genome/assembly/build_3.00/S_lycopersicum_chromosomes.3

.00.fa) using BWA (Burrows-Wheeler Aligner) software (Li and Durbin, 2009). Alignment files 

were converted to BAM (Binary Alignment/Map) files using SAM (Sequence Alignment/Map) 

tools (Li et al., 2009), sorted and then compared to locate duplicate records using Picard software 
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(http://picard.sourceforge.net). Re-alignment (Basic Alignment Quality (BAQ)) was done to 

avoid false SNP calls near indels. The resulting files were applied to GATK (Genome Analysis 

ToolKit) SNP -calling (McKenna et al., 2010; DePristo et al., 2011). The proportion of alleles 

corresponding to reference genomes was calculated by counting the number of reads harboring a 

SNP compared to the reference genome sequence and divided by the total number of reads. This 

so-called SNP-index was calculated for all positions in the genome. Mathematically, SNP-index 

per bulk is given by, 

SNP − *+,-.	0-1	2345 = Aleternate	allele	depth
Total	read	depth  

Here, bulk refers to a group of genotypes having high and low anthocyanins level. 

The SNP index is 0 if the entire short reads contain genomic fragments from a reference 

sequence and the SNP index is 1 if all the short reads do not contain the genome from the 

reference sequence. Fisher exact test was carried out to identify real SNPs between the two 

bulks. Fisher exact test tells if the ratios of two pairs of numbers are significantly different. In 

our experiment, it is about the ref_depth/alt_depth ratio between the high bulk and low bulk. 

Total of 16384 SNPs (p < 0.05) were identified between low extreme and high extreme.   

`           SNPs with SNP index < 0.3 and read depth <7x in both bulked sequences are filtered out 

during SNP calling because they cannot be sorted out from false SNPs caused by sequencing or 

alignment errors. But, if SNPs with a SNP index of 0.3 or higher are present in only one of the 

bulks, they are considered as real SNPs and are also assumed to be present in other bulk. In other 

words, SNPs with SNP index of 0.3 or higher are present in ‘high’ bulk, then are also considered 

to be present in ‘low’ bulk. An average of SNP-indices of SNPs located in a given genomic 

interval was taken. Then sliding window analysis was applied to SNP-index plots with 2 Mb 

window size and 10kb increment to facilitate visualization of the graphs. If the number of SNPs 
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within the 2 Mb window was <10, we did not take them in account for the analysis. Use of 

window(m) for sliding window analysis after taking the average of 10 SNP-indices was 

important to reduce the noise in the plot. We expected most of the genomic regions show 

D(SNP-index) =0 (as a null hypothesis), but only regions with a high absolute D(SNP-index) 

values would suggest a major contribution to the trait variation. Mathematically, D(SNP-index) is 

calculated as, 

D(SNP-index) = SNP-index High Bulk – SNP-index Low Bulk 

Confidence interval 

To generate confidence intervals of the SNP-index value with the null hypothesis that 

there is no QTL associated with flavonoid synthesis, a computer simulation was performed. At 

first, two bulks; genotypes consisting of genotypes having high and low anthocyanin content, of 

progeny were made with a given number of individuals by random sampling. From each bulk, a 

given number of alleles corresponding to the read depth were sampled. We then calculated SNP-

index for each bulk, and derived D(SNP-index). This process was repeated 10,000 times for each 

read depth and confidence interval was generated. These intervals were plotted for all the 

genomic regions that have variable read depths.  
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Short reads are selected according to 
their quality in FASTAQ format. 

If either of the sequence data has a 
higher number of short reads, the 
excess short read is removed 
randomly to equalize the two 
sequence data.    

The short reads are aligned to the 
reference sequence developed by 
SNP conversion. 

SNPs are selected based on depth. 
Plotting 0 at positions where SNPs 
are missing from one of the samples 
although SNPs with SNP-index value 
of greater than 0.3 are detected at the 
the same positions in the second 
sample.  The SNPs having SNP-index 
value less than 0.3 in both samples 
are removed.  

Start 

Selecting reads 

Equalizing amount of the sequence 
data  

Calculating the SNP-index  

Aligning the reads to reference 
sequence 

Selecting SNPs and assigning  
SNP-index 0  

Calculating average Δ(SNP-index) 
by sliding window 

Finish 

Calculating Δ(SNP-index) 

High Bulk Low Bulk 

A  
 

Figure 2.1: Flow chart of QTL-seq 

The red box indicates the filtering processes of Illumina short reads. The yellow box 
indicates a filtering process following calculation of SNP-index. 
 



64 

 

 
 
 
 

 

 

 

 

 

 

Figure 2.2: A simplified scheme of QTL-seq applied in tomato 

NC 74 CAP (Parent 1) and Ailsa Craig (Parent 2) with contrasting phenotypes for purple color 
are crossed to generate F2 (BC1) progeny that are segregating for the purple color. NC 74 CAP 
has purple epidermis while Ailsa Craig has a green epidermis. Anthocyanin is responsible for 
expressing the purple color. Since multiple quantitative trait loci (QTLs) control anthocyanin 

synthesis, the frequency of purple color among F2 progeny follows an almost normal 
distribution. We select 12 progenies with low anthocyanin content and eight progenies with high 

anthocyanin content and bulk their DNAs to make “Highest’ and ‘Lowest’ bulk respectively. 
These DNA bulks are applied to whole genome resequencing and aligned to the reference 

sequence of tomato to calculate Single Nucleotide Polymorphism (SNP)-index. AC and NC 
indicate the average value of Ailsa Craig and NC 74CAP, respectively. 
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Phenotyping and Heritability analysis 
 

Phenotypic characteristics like hypocotyl color (HC) and its intensity (HCI), intensity of 

purple color on seedling leaf (PCSLI), intensity of foliage curviness (FCI), and presence of 

purple color on fruit (PCF) and its intensity (PCFI) were recorded using the Tomato Descriptor’s 
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guidelines developed by International Plant Genetic Resource Institute (IPGRI, 1996). However, 

the concentration of anthocyanin was quantified through HPC method. 

Narrow sense heritability (h2) was analyzed using regression analysis from the data of  
 

BC1 and BC1S1 generation. h2 was determined using the formula: 
 

                                            h2 = 
C#
CD =

C#
C#ECF 

 
where, h2 is narrow sense heritability, VA is additive variance, VP is phenotypic variance which 

is the sum of   additive variance (VA) and error variance (VE). 

 

RESULTS 
 
Distribution pattern of Anthocyanins 
  

BC1 and BC2 populations were evaluated for anthocyanin content through HPLC. The 

frequency distributions showed continuous variation of anthocyanins in both of the populations 

(Figure 2.3 and Figure 2.4), indicating that anthocyanins are quantitatively inherited trait. 

Furthermore, some of the backcross population has anthocyanin content higher than the superior 

parents (NC 74CAP (2009)). They were the transgressive segregants, that fall outside the range 

of parents. This also suggested the anthocyanin to be a quantitative trait. 



67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N
C 

74
CA

P 
(2

00
9)

 (P
1)

 

A
ils

a 
Cr

ai
g 

(P
2)

 

Figure 2.3: Distribution of anthocyanins in BC1 population 
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Figure 2.4: Distribution of anthocyanins in BC1S1 population 
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Heritability and descriptive statistics analysis 

Heritability analyses were performed in combined set of data from BC1 and BC1S1 

generations. Heritability estimates was found to be highest for intensity of purple color on fruit 

(PCFI) being 41.2%, followed by hypocotyl color intensity (HCI) being 27.6 %, and intensity of 

purple color on seedling leaf (PCSLI) being 13.2 % (Table 2.1).  

For different traits associated with anthocyanins, there was a big difference in average 

anthocyanins concentration between BC1 and BC1S1 generation. For BC1 and BC1S1, the average 

anthocyanin concentration was 13.9 nmole/gfw (range, 0-84.3 nmole/gfw) and 34.9 nmole.gfw 

(range, 0 – 91.2 nmole/gfw), respectively. However, there was no remarkable difference in the 

average value of other traits; hypocotyl color (HC), hypocotyl color intensity (HCI), intensity of 

purple color on seedling leaf (PCSLI), Intensity of foliage curviness (FCI), intensity of purple 

color on fruits (PCFI). 

Table 2.1. Descriptive statistics of the different traits related to anthocyanins in BC1 and BC1S1 
generations in 2017 and 2018 and the heritability (h2) of those traits. 
 
 
 

 

 

 

 

  
Note: 
HC=Hypocotyl color                  FCI=Intensity of foliage curviness 
HCI=Hypocotyl color intensity                 PCFI=Intensity of purple color on fruits 
PSCLI=Intensity of purple color on seedling                 AC= Anthocyanin content 
             leaf                  h2=Narrow sense heritability 
 

Traits 

Descriptive Statistics 

h2(%) (BC1) 2017 (BC1S1) 2018 

Mean 
Std. 
Dev. 

Min. Max. Mean 
Std. 
Dev. 

Min. Max. 

HC 3.8 0.3 2 4 3.3 0.6 0 4 6.6 
HCI 4.1 1 3 7 3.9 0.7 0 6.5 27.6 
PCSLI 4.5 0.9 0 7 1.1 1.7 0 7 13.2 
FCI 4.5 1.1 3 7 5.7 0.9 3 7 7.9 
PCFI 1.1 1.4 0 3 0.8 1.2 0 6 41.2 
AC  13.9 8.7 0 84.3 34.9 15.6 0 91.2   
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QTLs for anthocyanin biosynthesis 

            Figure 2.5 shows the QTL analysis plots. The x-axis represents the genomic position 

(Mb) whereas y -axis represents different category from (a) to (f). (a) represents the total number 

of SNPs present in the window. (b) and (c) represent the SNP index of low bulk and high bulk of 

tomato genotypes, respectively. Difference between these two bulks is represented as D(SNP-

index) in (d). In (d), red color represents 98% confidence interval, blue color represents 2% 

confidence interval and the green color represents the difference between two bulks. Absolute 

value is obtained to see the effect of total different SNPs than that of reference SNPs (e).  (f) 

represents the Sum of the absolute D(SNP-index). Confidence interval at 95% is shown by red 

horizontal line. Peaks above this red line are considered as QTLs associated with anthocyanin 

content in tomato. Chromosome 1, 2 and 7 consist of one QTL whereas Chromosome 4 consists 

of 2 QTL (Table 2.1). QTL in chromosome 1 lies in between 9.96 to 11.54 Mb. In chromosome 

2, it lies within the range of 46.94 Mb to 51.88 Mb. Similarly, in chromosome 4, the first QTL 

falls within the region between 8.31 and 11.9 Mb and the second QTL’s range is 15.08 to 19.09 

Mb. The fourth chromosome’s QTL starts from 59.57Mb and ends at 63.85 Mb (Table 2.2). 

Table 2.2. QTL for anthocyanin synthesis. QTL were defined as  D (SNP-index) above a 
confidence interval of 95%. 

Chromosome QTL id Start End Length 

  Mb 
Chr 1 1.1 9.96 11.54 1.58 
Chr 2 2.1 46.94 51.88 4.94 
Chr 4 4.1 8.31 11.9 3.59 
Chr 4 4.2 15.08 19.09 4.01 
Chr7 7.1 59.57 63.85 4.28 
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Figure 2.5: QTL Analysis Plot 

Quantitative trait loci (QTL) associated with anthocyanin content in tomato identified by 
QTLseq approach. Plots with a 1 Mb sliding window: Distribution of single nucleotide 

polymorphisms (SNPs) in each sliding window (a). SNP-index of individuals belonging to low 
bulk (b). SNP-index of individuals belonging to high bulk (c). Difference between high bulk and 
low bulk is represented by D(SNP-index) (d). Absolute D(SNP-index) (e). Sum of the absolute 

D(SNP-index) (f). Red line in (a) and (f) indicates the 95% confidence interval. 
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DISCUSSION 
 

Our main objective of this study was to identify the QTL associated with anthocyanins 

synthesis in tomato. Besides, we were interested to estimate heritability of various traits in 

tomato genotypes related to synthesis of anthocyanins.  

In the present study, we applied QTL-seq to a BC1 tomato population to identify the QTL 

of anthocyanin genes. This method took advantage of the high-throughput whole genome re-

sequencing and bulked-segregant analysis (BSA). In addition, use of SNP-index benefits with the 

quicker and efficient method to identify genomic regions harboring the QTL of target gene. In 

the F2 population, the observed anthocyanin concentration is close to a normal (Gaussian) 

distribution (Figure 2.1). As the principle of QTL-seq says that “if the number of QTLs involved 

in the trait variation is multiple, frequency distribution of the measured values will be close to 

the normal distribution” (Takagi et al., 2013). Therefore, the frequency distribution of 

anthocyanin suggested that multiple genes are involved in the biosynthesis of anthocyanin.  

Verification of QTL-seq as a valid approach was done by Takagi (2013). The traditional 

QTL analysis and QTL-seq both identified a QTL controlling partial resistance to rice blast in 

the Nortai cultivar of rice in the same region, indicating that QTL seq is an efficient platform for 

the identification of QTL (Takagiet al., 2013). This was applied to RILs (Recombinant Inbred 

Lines) in rice. In addition, QTL-seq applied to F2 progeny of a japonica type cultivar Dungham 

Shali of known strong seedling vigor and compared with Hitombere, the same QTL was found 

that had been discovered through conventional QTL mapping using RILs of F7 generations 

(Takagi et al., 2013). Thus QTL-seq is an efficient approach for the identification of QTLs in F2 

generations (Takagi et al., 2013; Lu et al., 2014, Das et al., 2015, Illa-Berenguer et al., 2015). 
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In the past years, distantly related parents were used to develop F2 or RIL populations 

because they are the good sources of a high number of segregating loci and nucleotide 

polymorphisms for associating molecular markers with traits (Grandillo et al, 1999; van der 

Knaap and Tanksley, 2003; Lin et al., 2014). Identification of each QTL in populations derived 

from these wide crosses is tedious because of the need for repeated backcross to reduce the 

noise. After initial identification of QTL, it may generally take more than 5 years to delineate a 

QTL to a defined interval on the chromosome (van der Knaap and Tanksley, 2003; Zhang et al., 

2012). With the development of QTL-seq approach, the time and cost involved in the 

development of plant materials and marker needed in traditional QTL mapping approach is 

greatly reduced. 

Having found that anthocyanins have been determined to be a quantitative trait in tomato, 

this means that they are controlled by multiple genes, each with a small effect. There may be still 

other genes responsible for anthocyanin biosynthesis rather than the reported QTLs in 

chromosome 1,2, 4 and 7. The novel QTLs we found are in chromosome 1, 2 and 4 because, the 

gene responsible for anthocyanin synthesis has already been reported in chromosome. The one 

we found in chromosome 7 may or may not be a novel, which is another step to work on for its 

verification. In addition, fine-mapping of these QTL, as well as investigation of additional QTL, 

is warranted in future studies. 
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CHAPTER 3: ROLE OF FLAVONOIDS IN TOMATO AGAINST EARLY BLIGHT 

(ALTERNARIA LINARIAE) 

ABSTRACT 

Flavonoids are reported to play protective role against biotic and abiotic stresses in 

plants. Early blight (EB) in tomato is one of the most common tomato diseases, occurring nearly 

every growing season whenever the conducive condition of warm temperature and moderate to 

heavy rainfall, prevail. EB initiates as small black or brown lesions which later on enlarges and 

are often surrounded by a yellow halo. As lesions expand and new lesions develop, entire leaves 

may turn chlorotic and causes severe defoliation which result in sunscald on the fruit. This 

disease can be yield limiting factor up to 70-80%. 

Various methods of disease management for EB include the use of resistant varieties, 

crop rotation, keeping fields clean and use of fungicides. Use of fungicides is the most effective 

means to control the disease. However, it has long-term challenges such as environmental 

pollution and the toxic effects which may eventually impact the ecosystem.  

The effectiveness of high flavonoid containing tomato genotypes to control EB in tomato 

was explored. Based on the anthocyanin content (nmole/gfw) on tomato genotypes, they were 

classified into three groups- low (4.37-7.73 nmole/gfw), medium (15.11-15.79 nmole/gfw) and 

high 27.64-84.31 nmole/gfw. Trial population (BC1S1) consisted of breeding lines, control lines, 

parents and F1 hybrid. To evaluate the effect of different levels of anthocyanin against early 

blight, the experiment was conducted both in field and laboratory environment with two and 

three replications, respectively in randomized complete block design (RCBD). The field trial 

population was planted at the Mountain Research Station (MRS) in Waynesville, NC and an 

experiment in a laboratory environment was conducted at Mountain Horticultural Crops and 
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Research Extension Center (MHCREC) in Mills River, NC. Four-week-old tomato plants were 

inoculated with the conidia of Alternaria linariae in the field and in laboratory trial at the 

concentration of ~105 conidia/ml. There was no significant difference among Low, Medium, and 

High anthocyanin plants in laboratory and field experiments. Based on these results, anthocyanin 

may not play a significant role in elevating resistance to EB in tomato. 

 
INTRODUCTION 

 

Tomato (Solanum lycopersicum L.) is the second most important vegetable crop in the 

world after potato in terms of consumption. Tomatoes comprise 19% of all vegetable 

consumption, second only to potatoes at 23% (USDA, 2015). In the United States, around 38,500 

ha of land were planted for fresh market tomato production and 37,700 ha of land were harvested 

in 2015 (USDA, 2018). Globally, 177 million tonnes of tomatoes were produced in 2016 

(FAOSTAT, 2016). Tomato plants are highly susceptible to early blight infections caused by 

Alternaria linariae (Carneiro et al, 2007; Woudenberg et. al., 2014). This disease is favored by 

heavy rainfall, high humidity, and relatively high temperatures (240-290C) (Peralta et al, 2005). 

Symptoms of early blight can occur on the foliage, fruit and stem at any stage of development. 

The first symptoms of early blight are small, dark, necrotic lesions which appear on the older 

leaves and then spread upward as the plants age (Sherf and MacNab, 1986). As the disease 

progresses, lesions get enlarge with characteristic concentric rings and may be surrounded by a 

yellow halo (Meadows, 2015). In severe cases, EB leads to complete defoliation of plant (Peralta 

et al, 2005). Other less economically symptoms that Alternaria linariae causes are less 

economically important symptoms include stem lesions at the seedling stage, stem lesions on the 

adult plant, and fruit rot (Chaerani and Voorrips, 2005). Damage caused by early blight may be 

as high as up to 70-80% (Gugino, 2012).  
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Early blight can infect fruit through calyx or stem attachment at any stage of fruit 

development including immature green or ripe red (Nitzche, 2005). They appear as dark, velvety, 

sunken spots at the stem end. These spots are occasionally developed from mycelia extending 

from stem lesions and may develop distinct concentric circles as on leaves (Sherf and MacNab, 

1986). Ripe fruits are less susceptible than semi-ripe fruits (Mehta et al. 1975). Immature fruits 

which are heavily infected, may drop off before attaining maturity (Pandey et al, 2003).  

Control measures for EB include a 2 to 3-year crop rotation, routine application of 

fungicide, use of resistant varieties, and removal of volunteer weeds (Meadows, 2015). While the 

use of resistant cultivars is potentially the most economical control measure (Chaerani and 

Voorrips, 2006), fungicide treatments are the most effective ones. Fungicides which are used in 

controlling early blight management consist of protectant products such as mancozeb (Dithane) 

and cholorothalonil (Bravo), or systemic fungicides belonging to the strobilurin group (Bartlett et 

al., 2002). The major drawback of using fungicides is the development of resistance against it by 

the pathogen especially the strobilurin fungicides (Pasche et al., 2004). In addition, the potential 

for fungicides causing environmental pollution and the toxic effects that may prove havoc for the 

whole ecosystem.  Therefore, the alternative protection measures, which are ecologically 

friendly, should be assessed.  

In the past three decades, researches worked towards developing safer antifungal 

products such as plant-based essential oils and extracts. Plant extracts of Azadirachta indica 

(Neem), Allium sativum (Garlic) and Parthenium hysterophorus (Chatal Chandni) are found to 

be effective against EB of tomato (Raza et al., 2016). Similarly, carnation oil, caraway oil and 

thyme oil have inhibitory effect on fungal growth of Alternaria linariae in potato (El-Moughy, 

2009). Numerous plant species which are rich in secondary metabolites such as tannins, 
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alkaloids, terpenoids and flavonoids have been reported to play antimicrobial role (Lyr et al., 

1999 and Pretorius et al., 2002). In addition to this, Medic-Pap et al (2015) has reported that 

tomato fruits synthesized phenolic compounds as a part of defense system. They found variation 

in total flavonoids content of healthy fruits and fruits infected by the fungi Alternaria linariae 

(=Alternaria solani) causing EB in tomato. Total flavonoids content in infected fruits were 1.42 

to 3.73 times higher than the flavonoid content in healthy tomato fruits.  

Anthocyanins are one of the major classes of flavonoids, a secondary metabolite, that are 

available in the epidermis of tomato fruit which is phenotypically expressed as purple color.  We 

are interested to see the role of anthocyanin towards fungus Alternaria linariae, which causes EB 

in tomato. The objective of this study was to determine the response of tomato genotype with 

different levels of anthocyanin content in EB disease caused by A. linariae. This chapter reports 

the results of both greenhouse and field experiments of tomato lines with different levels of 

anthocyanins content. 

 

MATERIALS AND METHODS 

Plant materials (BC1 population) 

A backcross population (BC1), NC 16267, was developed from NC74 CAP (2009) 

(purple) x Ailsa Craig (green) crossings. The backcross population consisting of 250 individual 

plants along with P1 (NC74 CAP (2009)) and P2 (Ailsa Craig) were sown in ‘seed mix’ in 

seedling flats flat tray on April 26, 2017. They were transplanted into 72 count cell tray 

containing seed mix on May 11, 2017. After transplanting they were fertilized with 20:20:20 

ratio of nitrogen, phosphorus and potassium respectively. They were planted in the field at 

Mountain Horticultural Crops Research & Extension Center (MHCREC), Mills River, North 
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Carolina in summer on June 7, 2017. The recommended management practices for fertilization, 

insect management and other bacterial and fungal diseases (including late blight, septoria leaf 

spot, and fusarium wilt) were adopted according to standard recommendations of the NC 

Cooperative Extension. However, EB was not controlled. 

Anthocyanin content and BC1S1 population 

Leaf samples for anthocyanin content were taken on June 5, 2017. Three-four young 

matured leaves from 3-week old seedlings were rolled with the help of clipper and kept in 2ml 

tubes. They were then placed in 96 - well polypropylene plate, which were stored at -800C. 

Anthocyanin content of parents and backcross population were quantified using High-

Performance Liquid Chromatography (HPLC) technique at Wake Forest University, Winston-

Salem, NC. 

At first, 600 µl of extraction buffer (1% HCl in methanol) was added in each tube 

containing the samples and a bead. They were then homogenized at 1400 rpm for 10 mins through 

MiniG bead beater. After removing the beads from the tubes, homogenates were centrifuged at 

high speed for 5 minutes. Then, 400 µl supernatant was transferred to a new tube, making sure that 

no pellet materials were transferred. After adding 300 µl of H2O to supernatant, 300 µl of 

chloroform was added and shaked vigorously for 1 minute and subsequently centrifuged at high 

speed for 5 minutes. 200 µl of the top aqueous plate was transferred to plate wells and placed them 

in a plate reader. Sample absorbances were read at 530 nm and 657 nm using the 

spectrophotometer calibrated with distilled water as the blank. Samples were diluted so that 

absorbance readings are ≤ 1. The difference (A=A530 – A657) in the absorbance between the two 

wavelengths was used to calculate anthocyanin content as cyanidine-3-glucoside with molar 

absorptivity (ε) of 26,900 L/cm/mol. The concentration of anthocyanins (C) was determined 
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applying the Lambert-Beer law, which is mathematically represented as,  

C = 
#
$% , where L= height of liquid (200 µl) in 96-well plate = 0.622 cm. 

The amount of nmoles was calculated by using the concentration (C) obtained above, the dilution 

factor, and the total volume of the aqueous phase. Then the total amount of nmoles was divided 

by the weight of the tissue sample in order to express the anthocyanin content as nmole per gram 

fresh weight (nmole/gfw). 

Based on the level of anthocyanin content, BC1 population was classified into three 

groups; low (4.37 to 7.73 nmole/gfw), medium (15.11 to 15.79 nmole/gfw) and high (27.64 to 

84.31 nmole/gfw). Low and medium level group contained 12 individuals each and the high-

level group contained 8 individuals. In total, 32 genotypes were analyzed in the laboratory 

environment and 250 genotypes in the field. This population is referred to the BC1S1 population 

and the seed of the BC1 population were used to grow another population. 

Aleternaria linariae isolates 

Isolates of Alternaria linaria were obtained from Inga Meadows, Extension Associate on 

vegetable and herbaceous ornamental pathology at Mountain Research Station, Waynesville, 

NC. The isolates were maintained on Potato Dextrose Agar (PDA) plates which is kept inside a 

crisper box. Crisper box containing plates with isolates were then stored in the tabletop incubator 

at 240C for culture. 

Culture and subculture of A. linariae. 

Cultures were grown in 3” diameter petri plates containing about 20ml of culture medium 

(PDA). New plates containing the media were inoculated for a subculture with a centrally 

positioned 2-5 mm diameter plug taken from the edge of actively growing 10 to 12-day-old agar 

plate culture. The plates were then sealed with Parafilm and stored at 240C in the tabletop 
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incubator. At about 2 weeks after seeding, the culture was smashed with a sterile spatula to 

knock down the mycelium growth to create a stressed condition for them to sporulate. After 

knocking down the mycelium it was put upside down without a lid in the incubator to create a 

favorable environment to sporulate. Day and night temperatures were set to 220C and 180C 

respectively with equal day and night hours (12 hours). 

Spore collection 

After 24 to 48 hours of incubation under a favorable environment, petri plates were 

removed from of the incubator to harvest the conidia (Figure 3.1). Sterile distilled water was 

added in the plates and after a gentle rubbing of the agar surface with 60 mm wide bacti cell 

spreaders, dislodged conidia were harvested in a beaker. Dislodged conidia were further removed 

by repeatedly flooding the plates with sterile distilled water. Tween 20 (5%) was added to 

facilitate the proper distribution of spores in the inoculum. The concentration of the spore 

suspension was around ~105 spores per milliliter, which was quantified using hemocytometer 

(Hansen, 2000). 

 

Plant materials in laboratory  

The BC1S1 population previously categorized into three groups based on the anthocyanin 

Figure 3.1: Conidia of Alternaria linariae in low resolution (Left) and high resolution (Right) 
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content were sown in flats on June 7, 2018 and July 6, 2018 at Mountain Horticultural Crops 

Research and Extension Center, Mills River, NC. The three groups included 32 genotypes; 12, 

12 and 8 genotypes from low, medium and low-level anthocyanin group, respectively. After two 

weeks, they were transplanted in 72-count cell flat trays with three plants per genotype in three 

replications in a completely randomized design. Plants in the greenhouse were fertilized using a 

20:20:20 ratio of nitrogen, phosphorus and potassium respectively. NC1CELBR, which is 

resistant to EB, was used as a positive control, resistant to early blight, and NC84173, which is 

susceptible to early blight was used as a negative control. 

In laboratory environment, the same experiment was performed twice at monthly 

intervals. In the first experiment, the inocula of Alternaria linariae were inoculated on July 6th, 

whereas in the second experiment they were inoculated on August 8th First one was conducted 

on July 6th whereas the second one was conducted on August 8th.  

Plant materials in the field 

For the field experiment, 250 BC1S1 lines, two parents (Ailsa craig and NC 74CAP 

(2009)), one positive control (NC1CELBR), one negative control (NC84173), and one F1 

(NC1142), with a total of total 255 lines were sown in flat trays using a standard seeding mix 

(peat moss: vermiculite: lime = 12 buckets: 12 buckets: 3.6 kg for 0.5 m2 area) with macro and 

micro-nutrients on May 10, 2018. After 14 days, seedlings were transplanted to 72 count cell 

flats (56 cm X 28 cm). After four weeks, on June 28, 2018, these plants were transplanted in the 

field at the Mountain Research Station (MRS), Waynesville, NC (Figure 3.2) in two replications. 

Three plants per genotype in the field were planted with the plant to plant spacing and row to 

row spacing of 45 cm and 150 cm, respectively in a randomized complete block design (RCBD). 

The recommended management practices for fertilization, insect management and management 
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of foliar fungal diseases were done accordingly. The fungicide Actigard was sprayed biweekly 

and Presidio and Zampro were sprayed alternately every week. Actigard activates the natural 

defense systems in several crops including tomato to help the plant to protect itself against 

microbial attack and the other two fungicides help to control late blight. No fungicides were used 

to control early blight disease 

 

 

In the field, the inocula of Alternaria linariae were inoculated on July 19th, 2018. 

However, due to insignificant disease development, the field was inoculated for the second time 

on August 10th. NC1CELBR and NC84173 were used as positive and negative control 

respectively as in the experiment conducted in laboratory environment. 

Phenotyping of the population in the field 

Phenotypic characteristics like hypocotyl color (HC) and its intensity (HCI), hypocotyl 

pubescence (HP), presence of purple color on seedling leaf (PCSL) and its intensity (PCSLI), 

crimson color on flower (C), jointness (J) , growth habit (GH), foliage color of mature plants 

Figure 3.2: Field in Mountain Research Station, Waynesville, NC 
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(FCMP) and its intensity (FCMPI), presence of foliage curviness (PFC) and its intensity (PFCI), 

and presence of purple color on fruit (PCF) and its intensity (PCFI) were recorded using the 

Tomato Descriptor’s guidelines developed by International Plant Genetic Resource Institute 

(IPGRI, 1996). 

Disease evaluation 

As favorable environment conditions for disease development occurred the field season, 

the disease was spread in the field after inoculation. Disease symptoms, in highly infected plants, 

were seen on all foliar parts and on the stem of plants. 

In the experiment conducted in the laboratory environment, even resistant control lines 

were infected along with the susceptible control lines. Unlike laboratory environment 

experiment, in field experiment, susceptible control lines were highly infested compared to the 

resistant control lines (Figure 3.3). However, the parents were almost equally infested with the 

disease. 

 

Laboratory plants were scored based on visual observation using the Horsfall-Barratt 

scale (1945) where 0% = 1, 1-3%= 2, 3-6% = 3, 6-12%= 4, 12-25%= 5, 25-50%= 6, 50-75%= 7, 

75-87%= 8, 87-94%= 9, 94-97%=10, 97-100%11 and 100% dead tissue =12. In the experiment 

Figure 3.3: Control lines NC1CELBR (left) and NC84173 (right) used for field trial and lab 
trail in field 
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conducted in laboratory, disease was scored one week after inoculation of pathogens. Scoring 

was done just one time in each experiment because once symptoms start appearing in the plants, 

they did not last for a week, which prevented us from scoring for the second time. 

In the field, plants were scored using the same scale, Horsfall-Barratt scale (Figure 3.4). 

Disease incidence was rated just one time in the field. Further scoring of the disease in the field 

was not possible as field needed to be terminated due to the outbreak of Tobacco Mosaic Virus 

(TMV). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistical analyses 

Analysis of variance (ANOVA) was used to analyze differences among genotypes of 

Disease score 7 Disease score 6 

Disease score 3 Disease score 4 Disease score 5 

Figure 3.4: EB disease scored in tomato field at MRS, Waynesville, NC 
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tomato with different levels of anthocyanin concentration against early blight. For this, PROC 

MIXED with SAS software using anthocyanin groups (low, medium and high) and genotype as a 

fixed effect and replications as a random effect (SAS Institute Inc, 2012) was used. Least 

significant difference (LSD) was used to for pairwise multiple mean comparisons of significant 

main effects. Significance level a = 0.05. PROC CORR was used to determine Pearson’s 

correlation coefficients (r) between various traits we studied such as hypocotyl color (HC), 

hypocotyl color intensity (HCI), purple color in seedling leaf (PCSL), intensity of purple color in 

seedling leaf (PCSLI), foliage color intensity (FCI).  

 

RESULTS 

ANOVA of the experiment conducted on field and laboratory environment to study the 

effect of various level of anthocyanins on early blight revealed that the mean sum of square 

(MSS) was insignificant at p>0.05 (0.908 and 0.237 for early and later experiments). In the field 

trial, only HC (hypocotyl color), hypocotyl color intensity (HCI), and foliage curviness intensity 

(FCurvI) were found to be correlated with EB disease, and the correlation was very weak (Table 

3.1). Correlation coefficients (r) for HC, HCI and PCI were 0.26, 0.15, 0.26, respectively. These 

traits were not analyzed for the experiment conducted on laboratory condition. The R-squared 

(Coefficient of Determination) value for experiment conducted in field and in laboratory 

conditions are 0.12 and 0.03, respectively. 

Least significant difference (LSD) (Table 3.2) among three levels of anthocyanins against 

EB disease also revealed the insignificance of anthocyanins both in field and laboratory 

environments which also graphically represented in (Figure 3.5) 
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Table 3.1. Pearson’s correlation coefficient (r) among different traits studied about early blight 
disease in different tomato genotypes. 

 Variable HC HCI PCSL PCSLI FCI FCurvI DS 

HC 1 
      

HCI ns 1 
     

PCSL ns ns 1 
    

PCSLI ns ns ns 1 
   

FCI ns ns ns ns 1 
  

FCurvI ns ns -0.27* -0.27* ns 1 
 

DS 0.26* 0.15* ns ns ns 0.26* 1 
Note:  
ns indicates non-significant           
 *indicates significant at p<0.05: 
HC=hypocotyl color  
HCI=hypocotyl color intensity 
PCSL=purple color in the seedling leaf  
PCSLI=intensity of purple color in the seedling leaf  
FCI=foliage color intensity  
FCurvI=Intensity of foliage curviness 
DS=Disease 

 

Table 3.2. Comparison of tomato genotype with different level of anthocyanin for early blight 
resistance. 

Tomato Genotype with various levels 
of Anthocyanin 

Early Blight score  
 

Field Lab 
Low 5.3a 4.8a 
Medium 5.7a 4.9a 
High 5.6a 4.8a 

Means sharing similar letters in a column are statistically non-significant (p>0.05) when 
compared with LSD (0.05) 
 

Genotypes having a low level of anthocyanin content appeared to have less EB in 

comparison to the genotypes having a high and medium level of anthocyanin content. This is the 

opposite of expected results. However, genotypes in a low and high anthocyanin group showed a 

unique pattern that the genotypes having low anthocyanin content were relatively more infested 
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with the disease than the genotypes having high anthocyanin content. This pattern was not shown 

by the genotypes of medium level anthocyanin group.  

 

 

 

 

 

 

 

 

 

 

DISCUSSION 
 

Anthocyanins are a major group of flavonoids which are reported to have protective 

functions against various biotic factors in plants. The concentration of total flavonoid (TF) was 

found to be increased in the early blight disease infected tomato fruits in ten tomato genotypes 

(Beefsteak, Robura, Royal Ball, Volovsko srce, China 5, Danske export, Aniko, Ficarazzi, V9, 

Backa) when compared to the healthy fruits of same genotypes. Nine genotypes out of ten tested 

genotypes were found to have a significant difference in TF content of healthy and infected fruits 

(Medic-Pap et al., 2015). Infected fruit contained 1.42 to 3.73 times higher TF content than the 

healthy ones. In the present study we looked how the different levels of anthocyanin in tomato 

would respond towards the early blight disease in tomato.   
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Figure 3.5: Comparison of tomato genotypes with various levels of anthocyanins for 
early blight resistance under field and laboratory environment 

Genotypes having different level of anthocyanin content 
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The amount of anthocyanin levels was non-significant on early blight in tomato both in 

laboratory and field experiments. Two experiments conducted in the laboratory environment 

revealed similar results. In three different level of anthocyanin group, there is a range of 

anthocyanin content within each group. For instance, in low anthocyanin level group, 

anthocyanin content ranged from 4.37 to 7.73 nmole/gfw. Genotypes having the low anthocyanin 

content (4.37 nmole/gfw) were relatively more infested with EB disease, whereas the genotypes 

having the high anthocyanin content (7.73 nmole/gfw) were less infested. Similar is the case with 

the high anthocyanin level group. In this group, anthocyanin ranged from 27.64 nmole/gfw to 

84.31 nmole/gfw. And the result was also similar with that of group having low level of 

anthocyanin. That is to say, the genotypes with low anthocyanin content (27.64 nmole/gfw) was 

relatively highly infested with the disease than the genotypes having high anthocyanin content 

(84.31 nmole/gfw) within a group. However, this trend was not observed in the group having 

medium level of anthocyanin (15.11-15.79 nmole/gfw), may be all of the genotypes have almost 

same anthocyanin content.  

Despite having the differences in the disease incidence within different level of the group, 

theeffect of different anthocyanin levels was non-significant in the laboratory environment. It 

was surprising to see the disease even in control resistant lines in both the experiments conducted 

in a laboratory environment. It could not be explained well since there was no any possible 

explanation for such results. However, due to lack of sufficient spacing, that is to say plants 

being closer than usual might have caused the disease to be transmitted from one genotype to 

another genotype creating extremely high inoculum pressure making no any difference even 

between resistant control genotypes.  
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In a field experiment, the similar trend with different levels of anthocyanin was seen as 

observed in a laboratory experiment. Incidence of early blight disease was a higher in plans with 

lower level of anthocyanin content compared to the higher anthocyanin group. However, disease 

incidence for the medium level of anthocyanin content did not fit the pattern. Overall, the 

incidence of EB was not significantly different with anthocyanin content of tomato genotypes. In 

agreement with our findings, Medic-Pap et al (2015) also could not find significant differences in 

the intensity of early bight disease symptoms on fruits when attempted to observe the influence 

of tomato genotype to phenolic compounds content but found significant differences at the 

biochemical level. The total phenolics in infected fruits of tested tomato genotypes ranged from 

45.18-76.85 mg/100gm, whereas in healthy fruits, it ranged from 22.02-50.33 mg/100g fruit 

weight (FW). 

Overall, the incidence of EB in the field was higher than in the laboratory experiments. 

This may be due to more conducive EB environment (rain, humidity, and warm temperature) in 

the field than that created in the laboratory environment. In the field trial, the resistant genotype, 

NC1CELBR, was less infected than the susceptible genotype NC84173 (Figure 3.3), in both 

replications, which suggests that the pattern of disease occurrence after inoculation had a similar 

trend. This reflects that, though anthocyanins are presumed to have antimicrobial roles, they 

alone are not sufficient enough to have a preventive role against early blight in tomato.  

The formation of reactive oxygen species (ROS) during microbial infection is a well-

known process. It can also be said that ROS represent a general physiological response. 

Whenever plants encounter stress condition, large amounts of ROS are generated. This generated 

ROS should be stabilized in order to avoid oxidative damage of the cells which ultimately affect 

the plants’ health. Plants can protect their cells by scavenging ROS through the production of 
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different antioxidants such as anthocyanins. Accumulation of ROS led to the anthocyanin 

generation in the study conducted by Molnar et al., (2016) in Solanum tuberosum and Solanum 

chacoense when they were subjected to mechanical wounding. They mention that highest 

amount of ROS was synthesized after mechanical injury of leaves, a high quantity of 

anthocyanin was also produced. Similarly, accumulation of anthocyanins in resistant host plants 

(maize) in response to fungal pathogens (Bipolaris maydis, race 0) has been observed (Hipskind 

et al., 1996). However, none of them have concluded the anthocyanins’ dire need for resistance 

against those diseases. Emphasizing the role to anthocyanins, Hipskind et al., (1996) reported 

that the anthocyanins protect the healthy cells by forming co-pigmentation complexes with toxic 

flavonoids, sequestering them. In addition to this, anthocyanin’s ability to scavenge ROS from 

healthy plant tissues may also contribute to the protecting effect. These studies reveal that 

anthocyanins are good antioxidants quenching the ROS, having no function against alleviating 

the disease necessarily, which supports the outcome of my result, having no significant of 

anthocyanins to combat early blight disease in tomato. Similarly, Bahramisharif and Rose 

(2018), also did not find any correlation between elevated levels of anthocyanins and plant 

resistance.  

For days to come, the study can be conducted considering other secondary metabolites 

like naringenin, kaempferol, quercetin, myricetin and isorhamnetin. Furthermore, a better 

controlled study can be explored. 
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CHAPTER 4: ROLE OF FLAVONOIDS IN TOMATO AGAINST HEAT STRESS 

ABSTRACT 

Heat stress is one of the most important abiotic constraints on crop production. The 

adverse effects of heat stress on vegetative and reproductive processes of tomato ultimately 

reduces yield and fruit quality. Anthocyanins are reported to mitigate heat stress in plants. The 

heat tolerance of tomato genotypes relative to anthocyanin content was investigated. Our 

hypothesis is that the genotypes with a higher vegetative anthocyanin content should be superior 

in every aspect of traits in comparison to the genotypes having medium and lower level of 

anthocyanins. Tomato genotypes with three categories of anthocyanin content in three 

replications were evaluated in a completely randomized design with three replications in the 

greenhouse at Mountain Horticultural Crop Research and Extension Center, Mills River, North 

Carolina. Various parameters such as the number of flowering clusters, number of fruits, style 

and anther length, and style protrusion were recorded. No significant relationship between 

anthocyanin content and heat stress tolerance was found. Anthocyanins are one category of 

flavonoids and it may be that one or more categories of flavonoids are needed to improve heat 

stress tolerance.  

 

INTRODUCTION 

Environmental stresses such as biotic and abiotic stresses hamper agricultural production 

to a great extent (Lobell et al., 2014). Abiotic stresses including heat, drought, salinity, cold, 

light, heavy metal, mechanical wounding and nutritional deficiency significantly impacts the 

crop production globally which in turn leads to worldwide economic costs (Dixon and Paiva, 

1995; Vickers et al., 2009; Suzuki et al., 2014). Although tomato has the possibility to be grown 
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in many areas, its optimum production is challenged by abiotic stress and heat temperature 

(Golam et al., 2012). Production of tomato in the future may be limited by the increased intensity 

and quantity of above normal temperatures predicted in next decades (Bell et al., 2000). 

Therefore, production of heat resistant tomato is necessary. 

Tomato is consumed worldwide due to its flavor, nutritive value, short life cycle and high 

productivity under favorable condition. Tomato plants thrive well in tropical and subtropical 

regions. Favorable temperatures for tomato cultivation ranges from 250C to 300C during day and 

200C at night (Solankey et al., 2015), with optimal temperatures of 18 – 280C (Saeed et al., 

2007). Therefore, the day/night temperatures above 32/240C during day and night causes heat 

stress on tomato plants (Wahid et al., 2007). 

Heat stress disturbs cellular homeostasis which may cause retardation in plant growth and 

development, possibly leading to death (Kotak et al., 2007). So, heat stress can be defined as the 

rise in temperature beyond a threshold level (32/240C day/night temperature) for a period of time 

that causes irreversible damage to plant growth and development (Wahid et al., 2007). While a 

rise in temperature by 10-150C above ambient temperature is regarded as heat stress duration, 

intensity and rate of increase in temperature also make up heat stress (Wahid et al., 2007).  

To be adapted to heat stress, plants must be heat tolerant which is the ability of the plant 

to grow and produce economic yield under high temperatures. There is some disparity about 

whether day or night temperature is the limiting factor. Some researchers believe that night 

temperatures are major limiting factors, whereas other argue that day and night temperatures do 

not affect the plant independently and it is the diurnal mean temperature which is a better 

predictor of plant response to high temperature. Peet et al. (1997) reported that daily mean 

temperature plays a more significant role than night-time temperature. Fruit number, fruit weight 
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per plant, and seed number per fruit were drastically reduced at daily mean temperatures of 290C 

when compared to that at 250C. This may be due to impairment of pollen and anther 

development which occurs at high temperature resulting in the decreased fruit set in tomato (Peet 

et al., 1998; Sato et al., 2000). Furthermore, heat stress impacts in respiration and photosynthesis 

which in turn shortens life cycle and reduced plant productivity (Barnabas et al., 2008).  

In plants including tomato, anthocyanins have been reported to play a role in ameliorating 

stressful conditions (Winkel-Shirley, 2001; Rausher, 2008, Pervaiz et al., 2017). While 

anthocyanins are usually associated with flowers and fruits and are purple, blue and red 

(Grotewold, 2006; Steyn, 2007). Anthocyanins also occur in vegetative tissues such as leaves, 

stems and roots. Functionally, floral and vegetative anthocyanins are assumed to have different 

roles. Anthocyanins present in flowers and fruits are thought to be used for pollinator attraction 

and herbivore distribution, while those present in vegetative tissues has been suggested to play a 

role in stress response (Winkel-Shirely, 2001; Chlaker-Scott, 1999, Close and Beadle, 2003).  

Anthocyanins may be induced by a range of environmental factors including type and 

quality of light, cold temperatures, osmotic stress, heavy metal exposure, low pH, nutrient 

deficiencies, wounding, pathogen infection, others (Chalker-Scott, 1999; Gould, 2004). 

Anthocyanins are reported to confer protection against various abiotic and biotic stresses. Even 

though anthocyanins can be expressed in response to diverse stresses, the hypothesis that 

anthocyanin production directly combats heat stress in tomato has not been evaluated yet. The 

objective of this study was to determine the response of tomato genotype with different levels of 

anthocyanin content against hear stress. This chapter reports the results of an experiment 

conducted in the greenhouse located at MHCREC in Mills River, NC with genotypes having 

different levels of anthocyanin content. 
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MATERIALS AND METHODS 

Plant materials (BC1 population) 

A backcross population (BC1), NC 16267, was developed from NC74 CAP (2009) 

(purple) x Ailsa Craig (green) crossings. The backcross population consisting of 250 individual 

plants along with P1 (NC74 CAP (2009)) and P2 (Ailsa Craig) were sown in ‘seed mix’ on a flat 

tray on April 26, 2017. They were transplanted on 72 celled trays containing seed mix on May 

11, 2017. After transplanting they were fertilized with 20:20:20 ratio of nitrogen, phosphorus and 

potassium respectively. They were planted in the field at Mountain Horticultural Crops Research 

& Extension Center (MHCREC), Mills River, North Carolina in summer on June 7, 2017. The 

recommended management practices for fertilization, insect management, and other bacterial and 

fungal diseases were done according to standard recommendations. 

Anthocyanin content and BC1S1 population 

Leaf samples for anthocyanin content were taken on June 1, 2017. Three to four young 

matured leaves were collected in 2ml tubes and were placed in 96 - well polypropylene plates, 

which were stored at -800C. Anthocyanin content of parents and backcross population were 

quantified through High-Performance Liquid Chromatography (HPLC) technique in Wake 

Forest University, Winston-Salem, NC. 

At first, 600 µl of extraction buffer (1% HCl in methanol) was added in each tube 

containing the samples and a bead. They were then homogenized at 1400 rpm for 10 mins through 

MiniG bead beater. After removing the beads from the tubes, homogenates were centrifuged at 

high speed for 5 minutes. Then, 400 µl supernatant was transferred to a new tube, making sure that 

no pellet materials were transferred. After adding 300 µl of H2O to supernatant, 300 µl of 

chloroform was added and shaked vigorously for 1 minute and subsequently centrifuged at high 
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speed for 5 minutes. 200 µl of the top aqueous plate was transferred to plate wells and placed them 

in a plate reader. Sample absorbances were read at 530 nm and 657 nm using the 

spectrophotometer calibrated with distilled water as the blank. Samples were diluted so that 

absorbance readings are ≤ 1. The difference (A=A530 – A657) in the absorbance between the two 

wavelengths was used to calculate anthocyanin content as cyanidine-3-glucoside with molar 

absorptivity (ε) of 26,900 L/cm/mol. The concentration of anthocyanins (C) was determined 

applying the Lambert-Beer law, which is mathematically represented as,  

C = 
#
$% , where L= height of liquid (200 µl) in 96-well plate = 0.622 cm. 

The amount of nmoles was calculated by using the concentration (C) obtained above, the dilution 

factor, and the total volume of the aqueous phase. Then the total amount of nmoles was divided 

by the weight of the tissue sample in order to express the anthocyanin content as nmole per gram 

fresh weight (nmole/gfw). 

Based on the level of anthocyanin content, BC1 population was classified into three 

groups; low (4.37 to 7.73 nmole/gfw), medium (15.11 to 15.79 nmole/gfw) and high (27.64 to 

84.31 nmole/gfw). Low and medium level group contained 12 individuals each and the high-

level group contained 8 individuals. In total, 32 genotypes were analyzed in the laboratory 

environment and 250 genotypes in the field. This population is referred to the BC1S1 population 

and the seed of the BC1 population were used to grow another population. 

Plant materials in the greenhouse 

            The BC1S1 population which was categorized into three groups based on the anthocyanin 

content quantified through HPLC were sown in flat trays for greenhouse experiment on July 

2018 at MHCREC, Mills River, NC. Three plants per genotype were planted in first replication 

and two plants per genotype were planted on other two replications in a completely randomized 
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design. Plants in the greenhouse were fertilized using a 20:20:20 ratio of nitrogen, phosphorus 

and potassium respectively. Sun Leaper was used as a positive control, tolerant to heat stress to 

moderately high night temperatures, and NC84173 as a negative control, sensitive to heat stress. 

The experimental plants were watered twice daily. Greenhouse temperatures were adjusted to 

maintain a minimum of 350C day and 250C night. However, the temperature ranged from 50-

250C 

Phenotyping of the plant material 

            Phenotypic characteristics recorded were total number of flowers, the total number of 

fruits, style length, style protrusion, anther length, fruit shape, fruit size and fruit. A total number 

of flowers were counted in all individuals of a genotype and an average was taken per genotype. 

Following the same process, data for a number of fruits were taken.  

 

             

 

 

 

 

 

 

            To measure the length of the protruded style, it was measured from the point where it left 

the antheridial cone to the extreme point of stigma (Figure 4.2). To measure the whole length of 

style, anthers and petals were removed for easier measurement of style (Figure 4.3). Average 

length was then recorded for a genotype. Fruit shape, fruit size and fruit color (Figure 4.4) were 

Figure 4.1: Heat Stress Experiment conducted in the Greenhouse at MHCREC, Mills 
River, NC 
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recorded using the Tomato Descriptor’s guidelines developed by the International Plant Genetic 

Resource Institute (IPGRI, 1996). For green, orange, red and purple fruit color, we assigned the 

number 1, 2, 3 and 4, respectively. 
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protrusio
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Figure 4.2: Flower showing 
protruded style 

Protruded style is measured from 
the point where it leaves 
antheridial cone 

 

Figure 4.3: Style length 
measurement 

Figure 4.4: Figure showing different shapes and color of tomato genotypes experimented for 
heat stress tolerance in greenhouse, (a) purple color and slightly flattened (b) orange color 
and heart shaped, and (c) red color and rounded, shape does not seem to be rounded due to 
zippering effect 

(a) (b) (c) 
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Statistical analyses 

Analysis of variance (ANOVA) was used to analyze differences among genotypes of 

tomato with different levels of anthocyanin concentration against early blight. For this, PROC 

MIXED with SAS software using anthocyanin groups (low, medium and high) and genotype as a 

fixed effect and replications as a random effect (SAS Institute Inc, 2012) was used. Least 

significant difference (LSD) was used to for pairwise multiple mean comparisons of significant 

main effects. Significance level a = 0.05. PROC CORR was used to determine Pearson’s 

correlation coefficients (r) between various traits we studied such as the number of flowers, 

number of fruits, anther length, style length, style protrusion, fruit size and fruit color. The 

strength of association was categorized based on the value of the coefficient (r). If r falls in the 

range of 0.1 to 0.3, 0.3 to 0.5 and 0.5 to 1.0, they are regarded as small, medium and large 

strength of association, respectively. 

 

RESULTS 

Table 4.1 shows highly significant differences (p<0.001) for the number of fruits between 

the tested genotypes with three groupings of anthocyanin content. Similarly, the fruit set index 

(p<0.01) and the style length was significantly different (p<0.03). Other traits such as flowers 

(number of flowers), style protrusion, anther length, fruit size and fruit color were found to be 

non-significant. 

Pearson’s correlation coefficient (r) (Table 4.2) among the traits shows a large strength of 

association of fruits (number of fruits) with fruit set index and fruit size, and style length with 

style protrusion and anther length. Strength of association was medium between anther length 

and style protrusion, fruit size and fruit set index, and style length and fruit size. Similarly, there 
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was low strength of association of flowers (number of flowers) with fruits (number of fruits) and 

anther length. 

Table 4.1. Mean squares for various characters related to heat stress conducted in green house 
environment at Mountain Horticultural Crops Research and Extension Center, Mills River, NC. 

 
Note: 

*indicates significant at p<0.03 
**indicates significant at p<0.01 
***indicates highly significant at p<0.0001 
 
Table 4.2. Pearson's correlation coefficient (r) among different traits related to heat stress 
tolerance evaluated under greenhouse conditions. 

 
Note: 
ns indicates non-significant 
* indicates significant at p<0.05 
** indicates significant at p<0.001 

Mean Sum of Squares 

Traits          Genotypes (df=31) 

Flowers (Number of flowers) 3.56   
Fruits (Number of fruits)     15.95***   
Fruit Set Index                                            
Style length 

   61.05** 
17.88*   

Anther length 2.83   
Fruit size 0.31   
Fruit color 0.36     

Variables Flowers Fruits Fruit 

set 
index 

Style 

length 

Style 

protrusion 

Anther 

length 

Fruit 

size 

Fruit 

color 

Flowers 1 
       

Fruits 0.26* 1 
      

Fruit set 
index 

ns 0.89** 1 
     

Style 

length 

ns ns ns 1 
    

Style 
protrusion 

ns ns ns 0.83** 1 
   

Anther 
length 

0.26* ns ns 0.73** 0.34* 1 
  

Fruit size 0.29* 0.54** 0.35* 0.34* ns ns 1 
 

Fruit 

color 

0.33* 0.41* ns ns ns ns 0.44* 1 
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Least significant difference (LSD) (Table 4.3) showed no significant effect of relative 

anthocyanin content with all seven traits. 

Table 4.3. Comparison of different genotypes of tomato for various traits related to heat stress 
tolerance evaluated under greenhouse conditions at Mountain Horticulture Crops Research and 
Extension Center, Mills River, NC. 

Note:Means sharing similar letters in a column are statistically non-significant (p>0.05) 
 
Descriptive statistics for all the traits recorded in the greenhouse is tabulated in Table 4.4.  
 
Table 4.4. Descriptive statistics for the different attributes observed for heat stress experiment 
conducted in the green house environment at Mountain Horticulture Crops Research and 
Extension Center, Mills river, NC. 
 

Attributes Mean 
Std. 
dev. 

Minimum Maximum 

Flower 5 1.7 1 11 
Fruits 1.9 2.8 0 13 
Fruit set index 4.32 6.1 0 26.1 
Style length 9.4 3.5 0 15.3 
Style protrusion 3.8 2.5 0 9 
Anther length  3.5 1.7 0 7.6 
Fruit size 1.3 0.5 1 3 
Fruit color 1.2 0.5 1 3 

 

Distribution pattern of various traits for different level of anthocyanin concentration 

recorded in greenhouse environment. 

Distribution of Flower Numbers. Tomato genotypes with a medium anthocyanin content 

bore the highest number of flowers ranging from 1 to 9, followed by genotypes having low 

anthocyanin content which bore flowers ranging from 2 to 9 and then genotypes having high 

Group of 
Anthocyanin 

Fruits Flower Fruit 
set 

index 

Style 
length 

Style 
protrusion 

Anther 
length 

Fruit 
size 

Fruit 
color 

Low 2.5a 5.0a 5.3a 9.7a 4.0a 5.3a 1.5a 1.3a 
Medium 1.6a 5.6a 3.7a 9.4a 3.5a 5.5a 1.2a 1.2a 
High 1.6a 4.9a 3.6a 9.1a 3.9a 5.0a 1.2a 1.2a 
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anthocyanin content which bore flowers ranging from 2 to 7.9 (Figure 4.4). Mean number of 

flowers borne was 5.04 with 1 and 11 min/max, and a standard deviation was 1.7 (Table 4.4). 

 

 

Distribution of Fruit Number. Tomato genotypes having a low level of anthocyanin 

content bore the highest number of fruits (0 to 9.5), followed by genotypes having high 

anthocyanin content (0 to 6) and then with a medium anthocyanin content which bore same 

number of fruits as genotypes having high concentration of anthocyanin (Figure 4.5). Mean 

number of fruits borne was 1.9 with minimum value of 0 and maximum value of 13, and the 

standard deviation was 3.58 (Table 4.4). 

Fruit Set Index. Pattern of fruit set index is almost similar to that of distribution of fruit 

number (Figure 4.6) as they are highly correlated (Table 4.2). 
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Figure 4.5: Distribution of flowers in heat stress experiment conducted in greenhouse 
experiment 

Note: In x-axis; H=High anthocyanin level, L=Low anthocyanin level, M=Medium anthocyanin 
level 
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Figure 4.6: Distribution of fruits in heat stress experiment conducted in greenhouse 
experiment. 

Note: In x axis; H = High anthocyanin level, L = Low anthocyanin level, M=Medium anthocyanin 
level 

 

Figure 4.7: Fruit set index of tomato genotypes experimented for heat stress tolerance 
in greenhouse environment 
Note: In x axis; H = High anthocyanin level, L = Low anthocyanin level, M=Medium anthocyanin 
level 
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Distribution of Style Length. Tomato genotypes having high level of anthocyanin 

content have highest range of style length ranging from 0 to 14mm, followed by genotypes 

having low anthocyanin content in which style length ranged from 6 to 16mm. And the least 

range (5 to 14 mm) of style length was occurred in genotypes having medium level of 

anthocyanin content (Figure 4.7). Mean value was 9.44 with minimum value of 0 and maximum 

value of 15.3, and the standard deviation was 1.7 (Table 4.4). 

Distribution of Style Protrusion. Tomato genotypes with a medium anthocyanin content 

had the greatest range of style protrusion, ranging from 0 to 9.5 mm. Genotypes with high or low 

anthocyanin content had the same range of style protrusion, that is 0 to 8.5 mm. (Figure 4.8). The 

mean value for style protrusion was 3.84 with 0 and 9 min/max values and standard deviation of 

2.52 (Table 4.4). 
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Figure 4.8: Distribution of style length in heat stress experiment conducted in 
greenhouse environment 

Note: In x axis; H = High anthocyanin level, L = Low anthocyanin level, M=Medium anthocyanin 
level 
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Distribution of Anther Length. Tomato genotypes with low anthocyanin content have 

highest range of anther length ranging from 3.5 to 7.8 mm, followed by genotypes having 

medium level of anthocyanin content in which anther length ranged from 4 to 7 mm. And the 

least range (5 to 7 mm) of style length was occurred in genotypes having high level of 

anthocyanin content (Figure 4.9). Mean value was 3.58 with minimum value of 0 and maximum 

value of 7.6, and the standard deviation was 1.78 (Table 4.4). 
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Figure 4.9: Distribution of style protrusion in heat stress experiment conducted in 
greenhouse environment 
Note: In x axis; H = High anthocyanin level, L = Low anthocyanin level, M=Medium anthocyanin 
level 
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Distribution of Fruit Size. Genotypes having high and medium level of anthocyanin 

content did not show a significant difference in fruit size (Figure 4.10). The mean fruit size was 

1.33 mm with 1 and 3 min/max, and the standard deviation was 0.52 (Table 4.4). Size of the 

fruits were either very small (<3 cm) or small (3-5cm).  

Distribution of Fruit Color. Genotypes having high and medium level of anthocyanin 

content did not show significant differences in fruit coloration (Figure 4.11). Mean value was 

1.26 with minimum value of 1 and maximum value of 3, and the standard deviation was 0.57 

(Table 4.4). 
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Figure 4.10: Distribution of anther length in heat stress experiment conducted in 
greenhouse environment 
Note: In x axis; H = High anthocyanin level, L = Low anthocyanin level, M=Medium anthocyanin 
level 

 



  114 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fr
ui

t c
ol

or
 

 

Figure 4.12: Distribution of fruit color in heat stress experiment conducted in 
greenhouse environment  

Note: In x axis; H = High anthocyanin level, L = Low anthocyanin level, M=Medium anthocyanin 
level 

Figure 4.11: Distribution of fruit size in heat stress experiment conducted in 
greenhouse environment 

Note: In x axis; H = High anthocyanin level, L = Low anthocyanin level, M=Medium anthocyanin 
level 
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DISCUSSION 

These findings suggest that anthocyanin content of tomato did not have a significant role 

in overcoming the heat stress in tomato. Seven traits were characterized, including number of 

flowers, number of fruits, style length, style protrusion, anther length, fruit size and fruit color. 

Of these, the number of fruits and style length were found to be significantly affected by air 

temperature (Table 4.1). In contrast, relative anthocyanin content had an insignificant for all 

traits (Table 4.3). 

For various traits observed, I could not see any general trend of anthocyanin effect in 

experimental tomato genotypes. For instance, genotypes having medium level of anthocyanins is 

seen to bear highest number of flowers (Figure 4.4), whereas the low anthocyanin containing 

genotypes have the highest number of fruits. This is very surprising to us why such responses are 

observed.  These results suggest that anthocyanins may not have significant role against heat 

stress in tomato. Apel and Hirt (2004) also stated the anthocyanins may be just a biomarker of 

stress response as a result of suppressing oxidative burst related to stress response. However, 

positive control line - Sun Leaper, tolerant to heat, had relatively more fruits than the negative 

control line - NC 84173, sensitive to heat, validating the effect of heat on experimental 

genotypes. 

There is no congruence in data with distribution of style length (Figure 4.6), style 

protrusion (Figure 4.7) and anther length (Figure 4.8) when compared with genotypes having 

different level of anthocyanin content. Figure 4.9 shows that the low anthocyanin containing 

genotypes have higher range of fruit size than the genotypes containing high and medium level 

of anthocyanin. This is the result that we have no way out to conclude. However, the size of 

fruits was either very small (<3 cm) or small (3-5 cm). Fruits from control lines also fall under 
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the same category. Similarly, genotypes with low anthocyanin content tended to have more 

color. This may be correlated with the number of fruits that the genotypes with low anthocyanin 

content bore higher number of fruits than the genotypes having high or low anthocyanin content. 

Low anthocyanins mean more ability to make more fruit, therefore varied amounts of resources 

for sizing the fruit. Medium and high anthocyanins have limited amounts of resources to set fruit, 

The results with tomato indicate no role of increased vegetative anthocyanin content with 

improved yield parameters under the heat stress. Wettberg et al., (2010) who failed to find a role 

of anthocyanin with heat stress tolerance in Arabidopsis, indicates that previous reports on 

correlations between anthocyanin levels and stress tolerance were caused by genetic linkage, 

rather than by the direct effects of anthocyanins on stress tolerance. Physical linkage between 

anthocyanin synthesis genes and other loci under direct, stress-based selection is one possible 

type of association. However, such linkages have not been reported yet (Wettberg et al., 2010). 

In addition, if such linkage does persist, this tight linkage would not continue longer as 

recombination would break the association of anthocyanin synthesis loci and other stress loci in 

any lineage in a few generations.  

From the experiment conducted above, vegetative anthocyanin in tomato does not appear 

to be directly involved in heat stress tolerance. A suggested procedure to test would be to follow 

a controlled temperature environment with a constant day/night 350C/250C, and to presecreen 

genotypes for total flavonoids and those in specific categories.  Furthermore, it might be wise to 

include or consider flavonols along with anthocyanins. 
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Appendix A 

Plant DNA extractions: 96-well format (Modified from protocols of Alonso Lab and Schnable 

Lab) 

Abbreviations: 

rcf: relative centrifugal force 
RT: room temperature 
 
1. Place metal beads into the wells of a 96-well plate (one bead per well).  Mark one side of the 

plate with a Sharpie to keep track of the orientation and order of the strips in the rack (draw a 

diagonal line across the sides of 12 tubes in position A). 

2. Collect tomato tissues (50 – 100 mg), cap the strips, cover the plate with a lid, and store at -

80oC until ready to grind. 

3. Grind frozen (right out of -80oC) samples in a Qiagen Tissue Lyser II (remove the lid, shake 

at setting 30 for 30 sec, rotate plate 180 degrees, and repeat).  Make sure that all tissue is 

completely pulverized. 

4. Centrifuge the plates briefly (30 seconds at 2000 rcf at room temperature) to bring the 

powdered tissue down. 

5. Uncap the tubes (one strip at a time) and add ~300 µl CTAB buffer per well using a 12-

channel pipet.  Recap the tubes tightly and put in the incubator for 15 mins. Then stack a 

conical bottom deep well plate on the top of the plate and align the bottom of the deep well 

plate with the cap; hold the plates tight and shake vigorously to dislodge the metal beads.  

Spin the plate briefly (30 seconds at 2000 rcf at RT) to bring the samples down. 

6. Incubate the plate (with the conical bottom plate on top) at 65oC for 2x15 minutes. Invert the 

plate ~10 times (we did for 2 times) after the first 15 minutes’ incubation. 

7. Cool the samples 15 minute at RT. 
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8. Add 300 µl chloroform per well using a 12-channel pipet. Recap the tubes tightly, stack a 

conical bottom deep well plate on the top of the plate and align the bottom of the deep well 

plate with the underneath cap; hold the plates tight and shake vigorously for 30 seconds. 

Place the conical bottom plates on top of the samples plate and incubate at RT for 5 minutes. 

9. Spin the samples for 10 minutes at 4000 rcf at RT. 

10. Transfer 200 µl of each sample (aqueous phase) into a deep well plate using the 12-channel 

pippet. Be careful not to transfer cell debris from the interface. 

11. Add 200 µl isopropanol to each well and seal the plate with film. Gently invert the plate 2 

times. 

12. Spin the samples for 5 minutes at 4000 rcf at RT. 

13. Discard the supernatant by inverting the plate and let the samples sit up-side-down on a paper 

towel for ~1min to remove as much isopropanol as possible.  Be careful not to lose the DNA 

pellets. 

14. Add ~200 µl of 70% EtOH (Ethyl Alcohol) with a 12-channel pipet to wash the pellet. 

15. Spin the samples for 5 minutes at 4000 rcf at RT. 

16. Discard the wash by inverting the plate and let the samples sit up-side-down on a paper towel 

for ~1 minute to remove as much EtOH as possible.  Be careful not to lose the DNA pellets.   

17. Air-dry the DNA pellets in the flow hood for 10 minutes.  Make sure no EtOH remains in the 

wells but not over dry. 

18. Resuspend the DNA by adding 100 µl of deionized water with 0.1% RNase (99.9 µl 

deionized water + 0.1 µl RNase).  Cover with the film (no cap strips are necessary) and let it 

sit for overnight at room temperature for the pellets to dissolve.  

19. Vortes again when ready to use and spin for >1min at 3000 rpm at 4oC to pellet any insoluble 
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material.  Use 1 µl DNA per 10 µl PCR reaction.  Freeze the plate at -20oC if not using in the 

next few days (no need to cap the strips, an overall lid will do the job for up to 6 months, just 

don't invert the samples). 4oC is OK for short-term storage (up to one week) (We did not do 

step 19). 

 
CTAB buffer: 
1.4 M NaCl 
20 mM EDTA, pH8 
100 mM Tris-HCl, pH8 
2% CTAB (cetyltrimethylammonium bromide, Calbiochem, #219374, 100g) 
2% PVP40 
(Optional) 1% β-mercaptoethanol (add fresh before use) 
 
Prepare 200 ml CTAB buffer 

 
 
 
 
 
 

* Add fresh before use 
 
Metal beads: 
Daisy BB 4.5mm steel zinc-plated air gun shot (available at WalMart at <$5 for 6000 beads!) 
 
Plates (racks of 12 microtube strips of 8): 
ISC BioExpress P-8705-2 $32.90 per pack of 10 racks 
 
Replacement 8-tube strips: 
ISC BioExpress P-8705-1 $19.90 per pack of 120 
 
Replacement 8-cap strips: 
ISC BioExpress P-8705-C $9.70 per pack of 120 

 

 

Reagent Amount Final Concentration 
NaCl 16.3632 g 1.4 M 
1 M Tris-Cl, pH8.0 20 ml 100 mM 
0.5 M EDTA, pH8.0 8 ml 20 mM 
CTAB 4 g 2% 
PVP40 4 g 2% 
β-mercaptoethanol* 2 ml 1% 
ddH2O Add to 200 ml NA 


