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The health benefits of carotenoids present in tomatoes provides impetus to assess 

their presence and quantity in tomato germplasm. The feasibility of assessing large 

numbers of accessions is limited by both the time and technical challenges involved in 

HPLC of carotenoids. We developed a protocol for extraction and HPLC analysis of 

tomato carotenoids that eliminates the use of roto-evaporation and partitioning into a two- 

phase system. Tomatoes are extracted using tetrahydraftiran and the filtered extract is 

combined 1:1 v/v with the mobile phase of the HPLC system. This system allows 

separation and quantitation of the primary carotenoids present in tomato: lycopene, P- 

carotene, phytofluene and phytoene, while limiting exposure of compounds to heat and 

oxygen and reducing extraction time and solvent use. 

This rapid HPLC method was used to evaluate lycopene, P-carotene, phytoene 

and phytofluene content in isogenic tomato genetic stocks containing individually or in 

common, the genes high pigment (hp-1), dark green (dg), Intense pigment (Ip), crimson 

(ogc) and Anthocyanin Fruit (Af). The hp-1 gene increased lycopene levels by 48%, while 

the hp-I/ogc increased lycopene levels 81%. The presence of dg increased lycopene 

content 37% in 'Walter' and 164% in 'Manapal'. LA3771, the hp-l/ogc double mutant. 



had the highest mean lycopene values of 9.43 mg/lOOg FW. Three processing cultivars 

had lycopene levels between those of normal genotypes and high pigment genotypes, but 

very low P-carotene levels, resulting in lycopene/p-carotene ratios similar to tomatoes 

containing the crimson gene. Intense pigment (Ip) tomatoes had greater lycopene content 

than normal genotypes but significantly less than hp-1 or dg. "Black" heirloom tomatoes 

appear to have the green flesh (gf) gene and had the lowest carotenoid and lycopene 

content. 

We investigated the inheritance of anthocyanin expression in a cross of LA 1996 

(Af) and processing tomato 'UC82B'. Af tomato plants have dark green foliage, high 

anthocyanin expression in the hypocotyl of seedlings and anthocyanin in the skin and 

outer pericarp tissues of the fruit. Segregation ratios in F2 and BCi generations are 

consistent with a single dominant gene. Anthocyanin expression was lower in BCi 

populations compared to the F2 population and the data suggest that expression may be 

stronger in the homozygous plants. Anthocyanin concentration, as measured by the pH 

differential method, was estimated to be 5.6 mg/lOOg and 18.2 mg/lOOg in the pericarp 

and skin tissues, respectively. Carotenoid content in Af tomatoes was similar to normal 

tomatoes. The results of these experiments provide a framework for the analysis, 

understanding and utilization of pigment-rich tomato germplasm. 
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EVALUATION OF CAROTENOIDS AND ANTHOCYANINS IN HIGH 
PIGMENT, PROCESSING, HEIRLOOM AND ANTHOCYANIN FRUIT 

TOMATOES 

CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Through the millennia, organisms have adapted to the reactive chemistry of a planet 

that grew rich in oxygen and had abundant high-energy sunlight. In this atmosphere, 

and from this energy, life forms evolved with complex molecular structures including 

cell walls, proteins and ribonucleic acids. These complex molecules are vulnerable to 

damage by the very reactive chemistry that allowed their evolution. It is within this 

context that we, as humans look to the living world, for the biological safeguards 

which allow living cells to flourish in both an external and internal environment filled 

with many, essentially destructive agents. 

The clue to finding these evolutionarily adapted biological safeguards is as 

ancient as it is at the forefront of scientific investigation. Hypocrates is quoted as 

saying "let your medicine be your food and let food be your medicine." and this 

sentiment is part of many cultures worldwide. The differences in those cultures' 

dietary habits have given epidemiologists insight into what foods may indeed act as 

medicine in promoting optimum health. This concept of promoting optimum health is 

part of a broader understanding of nutrition that goes beyond the traditional definition 

where nutrition was only that which was required to prevent specific diseases or 

chronic deficiencies. In relation to plant-based foods, the term phytonutrient is now 



commonly used to encompass components that fall within this broader category of 

health beneficial compounds. 

It is from epidemiology that we have gained an understanding of the benefits 

of fruits and vegetables in the diet. Here, the strongest evidence is in the reduction of 

risk of cancer in people with a diet high in fruits and vegetables. In fact, after 

reviewing 4500 scientific papers on cancer prevention, the number one 

recommendation from the American Institute for Cancer Research is to eat a diet rich 

in a variety of vegetables and fruits, pulses and minimally processed starchy staple 

foods (Anonymous, 1997). Ames (1983) also cites the epidemiological evidence as 

pointing to an increase in fruit and vegetable intake as the most promising area to 

explore in the prevention of cancer. The 1987 National (US) Health Interview Study 

of 22,000 adults indicated that consumption of carotenoid-rich foods may reduce risk 

for certain cancers and cardiovascular disease (Nebeling and Forman, 1997). 

Fruits and vegetables are, however, a broad category which contain both 

beneficial and harmful compounds (Ames, 1983) and interest has intensified in an 

attempt to understand which fruits and vegetables and which compounds act in 

preventing disease. This is driven both by a desire to understand which foods are 

beneficial, and by the hope of a better understanding of the mechanisms involved in 

disease prevention. 

A fortuitous moment in time has arrived where nutritionists and 

epidemiologists are, along with medical researchers, plant scientists and geneticists at 

the brink of a better understanding of the links between food and disease. Concurrent 

with this is the development of sophisticated analytical tools, and exponential growth 



in our understanding of plant genetics. The implication is that plant breeding and 

agriculture now have not only the opportunity but also the obligation to include human 

nutritional and disease prevention components when evaluating and improving food 

crops. 

The concept of applying the techniques of plant breeding to nutritional or 

phytonutrient improvement in crops is not new. The subject was reviewed 25 years 

ago by Kelly (1975) and a few years later by Munger (1979). Indeed, many varieties 

have been released by breeders with improved nutrition. 'Caro-Red', 'Caro-Rich' and 

'Double Rich' are examples of tomatoes (Lycopersicon esculentum (L.) Mill.) with 

increased pro-vitamin A activity. Com (Zea mays L.) with improved lysine levels has 

been bred and released. Carrots (Daucus carota L.) with higher levels of P-carotene 

have been a part of the carrot breeding program at the University of Wisconsin since 

1977. More recently, transgenic rice, engineered to express P-carotene in the 

endosperm, has been developed (Ye et al, 2000). 

Carotenoids, glucosinolates, phenolics, polyphenols, phytoestrogens, sulfides 

and thiols are all categories of plant-based compounds believed to have beneficial 

phytonutrient effects (Beecher, 1999). Use of plant breeding for genetic improvement 

of these components should meet certain prerequisites however. The first step is the 

development of evidence by health researchers that compounds or components have a 

demonstrable health benefit. This often takes many years as research moves from 

epidemiological evidence to in vitro studies to in vivo studies and finally clinical 

evaluations. Second, it should be established that the components remain in an active 

state in the manner in which they are consumed, i.e. their activity is not destroyed by 



typical processing or cooking. Finally the concentration in the plant of a component 

needed to produce a benefit should be within an achievable range. 

If these criteria are met, genetic improvement of the crop for a given 

component may be evaluated. This evaluation should first assess the technical 

limitations in measurement of the component or activity. Plant breeding and 

germplasm assessment programs generally achieve best results with large numbers, 

and the primary limitation on those numbers is generally the ability to evaluate the 

material. While sophisticated analytical techniques are often used to locate and 

identify important phytonutrients, plant breeding programs require fast and 

inexpensive assessment of their material. Consequently, rapid methods that measure or 

correlate well with the desired phenotype should be identified. The existence of 

genetic variability must be established, for without this variability genetic 

improvement will not be successful. Once genetic variability has been established, 

identification of the mode of inheritance will greatly aid genetic improvement. 

Regardless of the mode of inheritance, utility and acceptance of a new cultivar will be 

governed by all existing requirements of developed varieties. Genetic improvement for 

phytonutrient content is best accomplished in the context of either established 

breeding programs or by backcrossing simply inherited traits into existing cultivars 

(Famham et al., 1999; Munger, 1979; Kelly, 1975). 

Within this context, the purpose of this study was the development of 

techniques for, and the evaluation of tomato germplasm for improved carotenoid 

content and the study of the inheritance of anthocyanin pigment content in tomato 

fruit. 



CAROTENOIDS: HEALTH BENEFITS AND BIO AVAILABILITY. 

Carotenoids have arguably been the category of plant compounds most readily linked 

to the association between fruits and vegetables and lower cancer risk. These 

compounds, of which more than 600 have been described, are ubiquitous in the plant 

kingdom and are known to be photosynthesis accessory pigments acting to: a) absorb 

light energy and transfer it to the photosynthetic apparatus via single state energy 

transfer b) act as the plant's main defense against singlet oxygen (free radicals) 

generated when light and chlorophyll interact c) dissipate excess energy through 

vibrational loss as heat and d) photoprotection through quenching of chlorophyll 

triplet states (Frank and Cogdell, 1996). Lack of this photo-protective effect from the 

inhibition of carotenoid synthesis is the mode of action for many herbicides. For 

example, inhibition of colored carotenoid biosynthesis and accumulation of the 

colorless precursor phytoene, by the herbicide SAN 9789, results in death by photo- 

oxidation in Euglena cells (Vaisberg and Schiff, 1976). Additionally, carotenoids act 

in the prevention of this photodynamic killing in non-photosynthetic bacteria 

(Goodwin, 1952b). It is not surprising then that this ability to quench superoxide and 

singlet oxygen are now among the mechanisms suspected of providing humans health 

benefits derived from dietary carotenoids. 

There are no reports of mammals capable of biosynthesis of any carotenoid de 

novo or through oxidative metabolism. Therefore mammals must obtain all 

carotenoids through dietary means. The primary nutritional role attributed to these 

carotenoids is as a precursor to vitamin A (retinol) and P-carotene is the principal 



dietary source of vitamin A. Vitamin A activity is not exclusive to P-carotene among 

the carotenoids, however, P-carotene is the only carotenoid capable of generating two 

molecules of retinol through the central cleavage of the 40 carbon chain (Goodwin, 

1952a; Olson, 1989). 

McCollum and Davis discovered Vitamin A in 1913 and Steinbock first 

reported a connection between vitamin A and the yellow plant pigments in 1919. 

Confirmation of carotenoids as retinol precursors was established by Karrer in 1930 

(Karrer and Jucker, 1950). Carotenoid research then passed from a "golden" age in the 

1930-50's of discovery of many compounds and their vitamin A activity to a 

heightened level of epidemiological research through 1960's and ^VO's. In the 

1980's, the focus of this research changed from a focus on vitamin A to a focus on P- 

carotene as epidemiological evidence and serum studies indicated a role for p-carotene 

in disease prevention (Ziegler, 1988). The publication in Nature of Peto's "Can 

dietary p-carotene materially reduce human cancer rates?" unleashed a flood of in 

vitro, animal and human studies (Krinsky, 1988; Peto et al., 1981). This enthusiasm 

was dampened by the release of the results from the ATBC (The Alpha Tocopherol, 

Beta Carotene Cancer Prevention Study Group) (Heinonen and Albanes, 1994) and the 

CARET (The Beta Carotene Retinol Efficacy Trial) (Omen, 1996) indicating higher 

lung cancer rates in the people receiving P-carotene supplements. 

Much of the historical research on health benefits and carotenoids has focused 

on P-carotene and vitamin A supplementation for health benefits in first world 

populations where vitamin A status is generally quite good. Vitamin A deficiency 

however, is still a worldwide problem resulting in an estimated one quarter of a 



million blind children each year. Improved vitamin A status could also prevent an 

estimated 1-2 million deaths each year and there are an estimated 124 million children 

deficient in vitamin A (Humphrey et al., 2000). Improved varieties of tomatoes 

(Tomes, 1958), carrots (Simon, 1988) and transgenic rice (Ye et al., 2000) have all 

been suggested as horticultural answers to the vitamin A deficiency problems facing 

developing countries. 

Lycopene is the acyclic 40 carbon carotenoid molecule that is the biosynthetic 

precursor to P-carotene. With its long chain of conjugated double bonds, it is a strong 

absorber of visible light. This structure and the crystallized form it takes in plant 

chromoplasts gives lycopene its characteristic red color that we observe in tomato or 

watermelon fruit, where it is the principal carotenoid present (Harris and Spurr, 1969; 

Khudairi, 1972). Because of it's acyclic form, lycopene has no vitamin A activity. 

Lycopene does, however, have important biological activity that is now the focus of 

substantial nutritional and epidemiological research. 

The evidence of biological activity and health benefits of lycopene (Stahl and 

Sies, 1996; Krinsky, 1998; Weisburger, 1998; Sies and Stahl, 1998; Clinton, 1998; 

Giovannucci and Clinton, 1998; Nguyen and Schwartz, 1999) as well as the 

epidemiological evidence involving lycopene and disease (La Vecchia, 1998; 

Giovannucci, 1999) have been reviewed. Commercial interest in lycopene has 

spawned two electronic resources with extensive reviews as well (Yeung, 2000; Lyco- 

Red, 2000). 

The last 10 years has seen a flurry of activity and a body of evidence 

supporting the health benefits of lycopene which can be categorized into 4 areas; 1) 



epidemiological evidence 2) in vitro evidence 3) animal studies and 4) human 

intervention studies. Recently, research has intensified as understanding of lycopene's 

antioxidant properties has increased (Stahl and Sies, 1996) and evidence has 

accumulated linking it to reduced risk of prostate cancer (Giovannucci, 1999; Clinton, 

1998), cervical cancer (Kanetsky et al., 1998; Van Eenwyk et al., 1991), breast cancer 

(Zhang et al., 1997; Dorgan et al., 1998), and heart disease (Kohlmeir et al, 1997). 

Bioavailability of carotenoids and lycopene from foods has been investigated 

(Sies and Stahl, 1998; Johnson, 1998; Zhao et al., 1998; Erdman et al., 1993; Paetau et 

al., 1998). In contrast to the popularly held belief that more nutrients are derived from 

fresh produce, evidence for carotenoids strongly suggests that lycopene and P-carotene 

are more bioavailable from processed tomato products than from fresh tomatoes 

(Clevidence et al., 2000). There has been some concern that because lycopene from 

tomatoes occurs predominantly in the all-trans form it may be poorly bioavailable 

because cis-lycopene has been observed to predominate in plasma. Evidence suggests 

however, that in vivo isomerisation and not preferential absorption is the reason behind 

this (Gartner et al., 1997). 

Dietary fat is required for efficient adsorption of carotenoids though optimal 

levels have not been established, p-carotene appears to promote uptake of lycopene. 

Interestingly, phytoene and phytofluene plasma levels were observed to be 

unexpectedly higher from tomato juice than concentrations in juice would predict, 

indicating potential greater bioavailability or preferential adsorption of these 

compounds (Clevidence et al., 2000). 



CAROTENOID BIOSYNTHESIS AND GENETICS. 

Carotenoids are one of many families of plant metabolites that derive from isoprenoid 

biosythesis and share, with nearly 20,000 other plant metabolites, the 5 carbon 

precursor, isopentyl pyrophosphate (IPP). Four IPP units are joined together to form 

the 20 carbon subunit gerenylgerenyl pyrophosphate (GGPP). The head to head 

joining of two GGPP molecules in the formation of 40 carbon phytoene is the first step 

specific to carotenoid biosynthesis (Cunningham and Gantt, 1998) (Figure 1.1). In 

ripening tomato fruit, this reaction is catalyzed by phytoene synthase encoded by the 

Psy-1 gene, and is found predominantly in the plastid stroma (Fraser et al., 1994). 

Phytoene production in green tomato fruit is apparently under the control of a 

separate gene Psy-2 (Fraser et al., 1999). The formation of the predominant carotenoid 

in tomato fruit, lycopene, requires four desaturation steps from phytoene and leads to 

the series of 11 conjugated double bonds found in lycopene. While bacteria and fungi 

accomplish this with a single gene product CrtI, plants require two enzymes. The first 

two desaturation steps are catalyzed by phytoene desaturase (PDS) resulting in the 

formation of phytofluene followed by (^-carotene. The carotenoids are symmetrical 

molecules and this pattern of a single enzyme carrying out a biosynthetic step on 

either symmetrical site of the molecule is common to both the desaturation and cyclase 

enzymes in carotenoid biosynthesis. Cunningham and Gantt (1998) proposed a 

multienzyme carotenogenic complex (Figure 1.2) in thylakoid and stroma membranes 

that contain 2 copies of each desaturase and cyclase enzyme. However, Hirschberg et 

al. (1997) suggest that a multienzyme complex is not imperative. Conversion from C,- 

carotene to neurosporene and then to lycopene is carried out by (^-carotene desaturase 
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Figure 1.1 Carotenoid biosynthetic pathway in ripe tomato fruit. Enzymes in dark 
boxes. (Rick and Stevens, 1986; Cunningham and Gantt, 1998; Fraser et al., 1994) 
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(ZDS). This enzyme has high apparent activity as little ^-carotene or neurosporene 

accumulate in ripe tomato fruit (Eraser et al., 1994). 

Lycopene is the primary carotenoid that accumulates in tomatoes and also 

serves as a branch point in the biosynthetic pathway with resulting carotenoids 

Figure 1.2 Multienzyme carotenogenic complex proposed by Cunningham and 
Gantt (1998) in the thylakoid membranes and stroma of plants and algae. LCYB- 
Lycopene cyclase beta. Pds-Phytoene desaturase. Zds-Zeta carotene desaturase. 

dependent upon the types of rings formed at the ends of the lycopene molecule. The 

primary pathway in tomatoes results in the formation of p-carotene by cyclizing both 

ends of the molecule into beta ionone rings. The intermediate with a single beta ionone 

ring is gamma-carotene and accumulates only to a very small extent in ripe tomatoes. 

An additional cyclase enzyme exists in some tomato genetic stocks. This enzyme 

results in the formation of an epsilon ring, and when one epsilon ring is present, delta- 

carotene is the result. The delta gene del apparently codes for increased lycopene 

cyclase epsilon (LCYE) activity and results in the formation of some delta-carotene in 

the tomatoes. When one epsilon and one beta ring form, alpha carotene is the result. 

Neurosporene can also serve as the precursor to formation of a ring on one end of the 

molecule because it has reached the prerequisite saturation on one side, the resulting 
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intermediate is P-zeacarotene (Cunningham et al., 1996; Cunningham and Gantt, 

1998). 

The consequences of carotenoid biosynthesis can be observed visually in fruit 

of genetic stocks of tomato. Pale yellow or white fruit accumulate only very low levels 

of p-carotene and lycopene. The same is true of yellow fruit conditioned by the r gene, 

which also have very low levels of carotenoid synthesis and are similar in phenotype 

to Psy-1 antisense tomatoes (Jenkins and Mackinney, 1955; Fraser et al., 1999). 

Carotenoid synthesis is believed to be regulated by rate limiting steps at PSY and or 

PDS. However tomato plants transformed with either phytoene synthase or phytoene 

desaturase have not expressed higher carotenoid levels (Bramely, 1997). 

Normal tomatoes are believed to have a lycopene cyclase beta (LCYB) gene 

with a relatively weak promoter resulting in relatively low amounts of p-carotene, and 

carotenoids accumulating primarily in the form of lycopene (Rick and Stevens, 1986). 

The crimson (ogc) gene, which conditions tomato fruit with higher lycopene content, is 

apparently the result of an even weaker promoter for LCYB, resulting in accumulation 

of even lower levels of P-carotene. In contrast, the beta (B) gene accumulates high 

levels of P-carotene, and this gene appears to have a strong promoter for lycopene 

cyclase. Consequently, it has been proposed that the primary control over lycopene 

accumulation in tomato fruit is developmentally regulated transcription of the 

lycopene cyclase beta enzyme (Ronen et al., 2000). Tomato breeders have used the 

crimson gene to increase lycopene content and improve color. Early experiments 

demonstrated that while the high pigment genes enhanced all carotenoids in a 

proportionate manner, the crimson gene merely increased the lycopene content at the 
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expense of P-carotene (Thompson, 1964; Thompson et al., 1967; Lee and Robinson, 

1980). The loss of vitamin A activity was of particular concern prior to the 

understanding of health benefits of lycopene and remains a concern because of the 

significant role tomatoes play in vitamin A nutrition. 

One other recessive gene substantially affects the type of carotenoids found in 

tomato fruit. The tangerine (i) gene results in the formation of polycis-carotenoids, 

geometric isomers of the carotenoids usually found in tomatoes. Tangerine tomatoes 

contain little p-carotene or lycopene and have a striking orange appearance. 'Golden 

Jubilee' is one of many commercially available orange tomatoes, which utilize the / 

gene and consequently have very low vitamin A activity. 

HIGH PIGMENT TOMATOES. 

The desire for improved red color drove the original interest in high pigment tomatoes. 

In 1917, a high pigment rogue was found in a Campbell Soup Company tomato field. 

This cultivar became known as 'Black Queen' and then 'Webb Special' (after a Mr. 

Webb who found the original mutant). Kerr (1955) referred to the gene as dr for dark 

red, and concluded it was a single recessive gene. Thompson (1955; 1956) suggested 

that a two gene model (hp-1 and hp-2) was appropriate, while Kerr (1960) continued 

to offer evidence of a single recessive gene. Reynard (1960) suggested a series of 

green pigment (gp) genes for the apparent intermediate phenotypes observed. Data 

from the programs of Kerr and Thompson were ultimately pooled and a single gene, 

hp, was named (Thompson et al., 1962). The confusion was attributed to distorted 

segregation ratios caused by lower seedling vigor, seed germination and higher 
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mortality of the high pigment class. This assertion was challenged by Mochizuki and 

Kamimura (1986b) who found a deficiency of the hp-1 class using the yellow film 

method, even at nearly 100% germination rates. Seeds are germinated under yellow 

film in this method and the high pigment tomato seedlings exhibit normal growth and 

hypoctyl anthocyanin expression while normal genotypes are etoliated and lack 

anthocyanin (Mochizuki and Kamimura, 1985). 

In 1973, Konsler reported a second high pigment mutant, dark green (dg), 

found in the cultivar Manapal. This gene conditions a similar high carotenoid 

phenotype (Konsler, 1973). 

Numerous investigators have noted other characteristics associated with the 

high pigment tomatoes. Kerr observed that the high pigment gene influenced not only 

the carotenoid content but also resulted in higher ascorbic acid, anthocyanin and 

chlorophyll levels (Kerr, 1957). Jarret et al. (1984) established that these effects were 

pleiotropic and observed that hp increased chlorophyll content in immature fruit by 

166% and dg by 320 %. They also observed reduced total leaf area, whole plant fresh 

and dry weight and shortened intemode length. Fruit quality has been evaluated in 

tomato lines with the double mutant hp-l/ogc and dg/ogc. These tomatoes have 

increased fruit firmness (also noted in other studies) but no difference in pH, alcohol 

insoluble solids, total pectin or sensory preference (based on a 48 person taste panel) 

(Wann et al., 1985). Lampe and Watada (1971) also observed longer marketable shelf 

life in the high pigment tomatoes. 

Kerr identified anthocyanin production below the soil line in the hypocotyl as a 

way to identify seedlings with the high pigment genes (Kerr, 1965). This line of 
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investigation was continued by evaluation of seedlings with the yellow film method. 

While hp seedlings developed normally, all other seedlings including ogc and Ip 

{Intensepigment) were etiolated (Mochizuki and Kamimura, 1985). From these and 

other investigations into the light response of hp tomatoes, researchers concluded that 

hp is involved in the signal transduction of phytochrome response. Peters et al. (1992) 

and Adamse et al. (1989) suggested that the normal Hp gene product acts as a 

represser of phytochrome, and that hp has exaggerated phytochrome production. The 

hp gene has now been mapped to chromosome 2 of tomato (Yen et al., 1997). Yen et 

al. (1997) added two additional characteristics to the pleiotropic effects conditioned by 

hp. They measured quercetin levels 13 times those observed in the wild type, and 

decreased fructose and glucose accumulation with a concomitant rise in the 

disaccharide sucrose. High quercetin concentration is indicative of greater potential 

antioxidant activity as this flavonoid has been identified as having particularly strong 

antioxidant capacity (Cao et al., 1997). Perhaps more significant in terms of 

understanding the basis of the high pigment phenotype was their measurement of 

plastomic versus genomic DNA levels. Tomatoes with hp had five times higher ratio 

of plastome to genomic DNA. While they reported higher plastid numbers as well, 

their conclusion was that this could not account for the five-fold increase and that 

regulation of plastome copy number not plastid number was associated with the hp 

gene. In contrast, Bramely (1997) reported plastid numbers per cell are twice as high 

as normal genotype in 'Ailsa Craig' isogenic lines. 

Mochizuki and Kamimura (1986a) report testing allelism between four high 

pigment genes, dg, hp, hp-l, and hp-2 using the yellow film method. They list hp-1 
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and hp-2 as that of Palmieri et al. (1978), and hp as that of Reynard (Reynard, 1956). 

Palmieri and colleagues, however, did not report hp-1, only hp and hp-2, therefore it 

is likely that hp and hp-1 reported by Mochizuki and Kamimura (1986a) are the same. 

In the Fi and F2 generations of crosses between the high pigment genes, Mochizuki et 

al. (1986a) found the high pigment phenotype in all the progeny and concluded that 

these were all alleles and mutations at the same locus. The hp-2 used in our study is 

an ethyl methane sulfonate (EMS) induced mutation introduced by Soressi (1975) and 

not the hypothesized but discarded hp-2 mentioned by Thompson (1955). Jarret (1984) 

conducted allelism tests between dg and hp-1 in isogenic lines and found they were 

non-allelic based on phenotypically normal Fi fruit, and expected F2 segregation 

ratios. 

Van Tuinen et al. (1997) recently mapped the EMS induced hp-2 to the 

classical and RFLP maps of chromosome 1, (whereas Yen et al. (1997) has placed hp- 

1 on chromosome 2), and proposed that hp now be referred to as hp-1. We use hp-1 

throughout the remainder of this thesis. Van Tuinen has also found an allele of hp-2 

with stronger phenotypic expression, and has called it hp-2J (Van Tuinen et al., 1997). 

To summarize, hp-1, hp-2 and dg are now believed to be separate loci though mapping 

of dg has yet to be accomplished, and allelism tests between dg and hp-2 beyond the 

yellow film tests of (Mochizuki and Kamimura, 1986a) have not been reported. 

Two other genes have specifically been reported to be associated with 

increased carotenoid content. The intense (Ip) pigment gene, reported by Rick (1974), 

originated as a segregant in L. chmielewskii and was backcrossed into L. esculentum. 

There have been no reports of carotenoid levels measured in Ip genotypes and it has 
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not been as well characterized as hp-l and dg. Ip did not respond to the yellow film 

method in the same manner that other high pigment types did, implying that its' 

increased pigment may not result from the same sort of phytochrome mutation 

attributed to the hp-l and dg genes (Mochizuki and Kamimura, 1985). Van Tuinen 

(1996) noted that the Ip phenotype can be difficult to distinguish and that the genetics 

are unclear. Kendrick et al. (1997) described the Ip phenotype in photo-response 

experiments as resembling a 'weak hp-V. 

Palmieri et al. (1978) also reported high carotenoid levels in a green flesh (gf) 

tomato. Green flesh tomatoes have a single recessive gene reported by Kerr (1956a), 

with chlorophyll that fails to break down, resulting in a muddy brown coloration 

(Butler, 1962). Thompson and McCollum (1957) also reported a plant with similar 

characteristics to gfand measured total pigment content similar to that of high pigment 

tomatoes (Table 1.1). The high carotenoid levels reported for gf are somewhat 

counterintuitive because while the conversion of chloroplasts to chromoplasts is 

viewed as integral to the development of carotenoids in tomato fruit, this gene 

apparently inhibits alteration of chlorophyll. 

Numerous investigators (Table 1.1) have evaluated the carotenoid content of 

many high pigment phenotypes. These studies clearly established that hp-l increased 

overall carotenoid levels and suggested similar results for hp-2 and dg, although only 

limited experimental results have been published for the latter two. Of the two reports 

that mention carotenoid levels of dg, Konsler's (1973) results were preliminary while 

the levels measured by Wann et al. (1985) were influenced by the presence of the 



Table 1.1 Carotenoid concentrations (mg/lOOg FW) of high pigment and crimson tomato varieties reported in the literature. 

Variety or Background Genotype2      Phytocnc   Phytoflucnc   Lycopcnc Y-carotcnc    P-carotcnc    Total carotenoid       Reference 

-mg/lOOg FW- 

Webb Special hp hp 
Webb Special hp hp 

Sioux 'rogue' sP 

High pigment hp hp 

Tomato Puree + + 
Tomato Puree hp hp 

High pigment hp hp 

Cambell 146 1962 + + 
Cambell 146 1963 + + 
High Crimson 1962 og °gr 

High Crimson 1963 o/og" 
Illinois 345 hp hp 
Illinois 1252 hp hp 

High Pigment hp hp 
Crimson ogog' 
Crimson x hp F, hp hp+ 

ogc og" + 
Crimson x hp Fi +  + 
Crimson x hp F2 hp hp 

of + og' 
Crimson x hp Fi hp+ hp+ 

ogog'' 
Crimson x hp F; hp hp 

og ogr 

Campbell 146 + + 

Eastern States 24 + + 

High Crimson ogrog'' 
Fi (High Crimson x Campbell ) ogrog' + 
F, (High Crimson 146 x Eastern States) o/ogc+ 

Campbell 146 x Eastern States offog 

1.50 

0.25 

1.06 
1.45 

1.3 
1.93 
2.46 
2.54 

1.33 
1.53 
2.10 
1.66 
1.98 
1.62 

14.6 

14.0 

0.80 5.60 

15.28 
31.18 

0.92 8.9 

0.42 6.27 
0.60 5.18 
0.50 7.27 
0.78 8.11 
1.10 7.48 
1.50 11.2 

10.56 
14.94 
11.69 

10.43 
13.94 

12.69 

19.61 

0.12 5.60 
0.26 3.88 
0.33 8.78 
0.22 6.17 
0.36 5.51 
0.31 5.85 

0.20 

0.11 
0.08 
0.11 

0.10 
0.15 

0.01 

0.13 

0.06 
0.08 
0.04 
0.04 
0.07 
0.07 

0.38 

0.42 

0.70 

0.99 

0.5 
0.61 
0.27 
0.31 
0.34 
0.67 

0.86 
0.33 
0.49 

0.49 
0.88 

0.33 

0.69 

0.30 
0.38 
0.10 
0.16 
0.23 
0.36 

12.69 (Thompson, 1955) 
(Thompson, 1957) 

(Thompson and McCollum, 1957) 

(Tomes, 1963) 

(Thompson, 1961) 

(Barker and Tomes, 1964) 

(Thompson, 1964) 

(Tomes, 1965) 

(Thompson etal., 1967) 



Table 1.1 Continued; 

Variety or Background Genotype1 Phytocne Phytoflucnc Lycopene Y-carotenc p-carotenc    Total carotenoid       Reference 
 mo/1 flflo FW  

T3585 Locular tissue ogc ogc 22 0.46 (Lampe and Watada, 1971) 
T3585 Pericarp tissue ogc ogc 30 0.46 " 
T-3624 Locular tissue hp hp 25 0.61 " 
T-3624 Pericarp Tissue hp hp 39 1.00 " 
T-3640 hp hp 

0/0/ 
42 0.59 

T-3640 hp hp 
o/og' 

44 1.29 

Manapal rfgrfg 6.13 1.23 

San Marzano (Dry Wt) + + 9.78 88.93 1.28 7.49 (Palmieri et al., 1978) 
San Marzano (Dry Wt) hp hp 8.16 96.99 2.56 18.19 " 
San Marzano (Dry Wt) hp-2 hp-2y 6.99 191.35 2.93 0.00 " 
San Marzano (Dry Wt) sfsf 3.44 113.12 1.65 0.00 " 

New Yorker Dry wt. + + 21.6 4.3 54 0.7 4.9 (Lee and Robinson, 1980) 
Crimson New Yorker Dry wt, o/og^ 21.5 4.3 62 0.22 1.98 

(( 

Florida Dade + + 4.01 0.28 (Wannetal., 1985) 

13995 hp+ hp+ 
ogc + og' + 

5.56 0.35 " 

T3995 hp hp 
ogc og' 

9.6 0.62 

T4077 fl,g+ rfg+ 
0/ + og' + 

5.14 0.27 

T4077 dg <lg 
og og' 

11.75 0.89 

CPTA In vitro treated Fruit 58 2.9 (Ishidaetal., 1998) 

ZA11 references to hp, are presumably hp-1. (+) indicates normal or wild type form of this allele. y hp-2 mentioned by Palmeri is that of 
Soressi (1975) and not the hp-2 of Kerr (1956b). 
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crimson gene. There is also one report of carotenoids from the hp-2 tomatoes (Palmieri, 

1978) where tomatoes with hp-2 had lycopene contents nearly twice that ofhp-]. 

However, the hp-1 genotype used in his study had only slightly higher lycopene levels 

than normal lines. 

CAROTENOID ANALYTICAL APPROACHES. 

The majority of the historical reports of carotenoid levels in high pigment tomatoes have 

been made using either spectrophotometric approaches or spectrophotometric approaches 

combined with column chromatography (McCollum, 1952). In tomatoes, the 

spectrophotometric approach of McCollum can provide an estimate of lycopene 

concentration by simply reading absorbance of extracted tomato at 470 nm. In most red 

tomatoes, lycopene accounts for approximately 90% of the colored carotenoid present so 

spectrophotometric readings can be attributed primarily to lycopene. An additional 

column chromatography procedure is required in order to estimate p-carotene 

concentrations. 

A second rapid approach to lycopene determination is to estimate concentrations 

based on chromaticity values determined with a colorimeter. D'Souza (1992) determined 

an R-squared value of 0.77 for the simple linear regression relationship between (a*/b*) 

and spectrophotometric determined lycopene values. The parameter a* measures color on 

the red/green axis while b* measures color on the blue/yellow axis. 

Numerous HPLC methods have since been developed for carotenoid analysis and 

their use in foods was reviewed by Khachik (1992a). HPLC techniques provide clear 

advantages in terms of analytical sensitivity for the quantitative and qualitative analysis 
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of carotenoid compounds. Tomato carotenoids are efficiently extracted with 

tetrahydraftiran (THF) (Khachik et al., 1992b; Tonucci et al., 1995), chloroform (Sadler 

et al., 1990) or hexane (McCollum, 1952) and samples are often concentrated through 

roto-evaporation and partitioned into aqueous and polar phases. Sadler et al. (1990) 

developed a rapid method which does not require roto-evaporative concentration. 

Carotenoids are sensitive to degradation and formation of artifacts during 

extraction and analysis. They are sensitive to light, heat, oxygen and the active surfaces 

of metals such as stainless steel. Gold fluorescent lights are routinely recommended for 

carotenoid analytical work. Stainless steel frits where guard columns meet cartridge 

columns have been reported to give poor results with carotenoids (Scott, 1992). Khachik 

recommends keeping evaporation temperatures below 40° C to prevent degradation of 

carotenoids. Saponification, which is valuable in the analysis of some carotenoid rich 

foods that contain esterified carotenoids, is not necessary and may result in the 

degradation of some carotenoids in tomatoes (Scott, 1992). 

Both isocratic and gradient HPLC conditions may be employed in tomato 

carotenoid analysis. The mobile phase generally consists of a combination of acetonitrile, 

dichloromethane, hexane and methanol. Gradient conditions allow more universal 

application of the HPLC system to carotenoids of varying polarities (Khachik et al, 

1992a). Identification of carotenoids is generally accomplished through comparison of 

retention times and spectra to reference standards. 
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ANTHOCYANINS IN TOMATOES. 

Interest in the nutritional and antioxidant properties of tomatoes has traditionally 

focused on the carotenoid components lycopene and P-carotene, and antioxidant vitamins 

like vitamin C. Radical oxygen species are among the most important mutagens and 

carcinogens that attack DNA, lipids, proteins and other biological membranes in our 

bodies. Hydrogen peroxide, superperoxide, hydroxyl radicals and nitric oxide are among 

the oxygen-derived products of metabolism and other biological reactions present in the 

body (Halliwell, 1994). 

The epidemiological evidence shows there is great geographic and cultural 

differences in cancer rates. The "French paradox" where a low incidence of heart disease 

is observed in a culture with high risk factors (Burr, 1995; Renud and de Lorgeril, 1992) 

helped to spark interest in anthocyanins as an important phytonutrient. In this case, 

anthocyanins in red wine are thought to confer a health benefit. Anthocyanins in other 

studies have been implicated as antioxidants (Wang et al., 1997). 

The Oxygen radical absorbing capacity (ORAC) assay uses the very sensitive 

protein R-phycoerythrin to measure total antioxidant activity by recording the change in 

fluorescence caused by oxidative damage to the protein (Delange and Glazer, 1989; Cao 

et al., 1995). Anthocyanins have received particular attention because of very strong 

antioxidant activity exhibited by anthocyanin-rich fruits. Grapes (Wang et al., 1996), 

blueberries, blackberries, raspberries and cherries (Wang et al., 1997) all exhibit high 

antioxidant capacity in comparison to other fruits and vegetables. Studies have linked 

ORAC values of foods to increased antioxidant activity in human plasma. This increase 
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could not be explained by existing carotenoid or alpha tocopherol levels (Cao and Prior, 

1998). 

Cyanidin-3-glucoside, the anthocyanin with the highest measured ORAC value is 

estimated to be about three times stronger than Trolox, a vitamin E analog (Wang et al., 

1997). Approximately the same antioxidant activity has been measured for lycopene in a 

separate study using a different method (Stahl and Sies, 1996). Paradoxically, the 

antioxidant activity measured for tomatoes was about five times lower than that measured 

for red grapes (Wang et al., 1996) However, acetone, a poor extractant for lipid-soluble 

carotenoids, was used for the pulp extraction in that study. 

The antioxidant and other health beneficial aspects of anthocyanins have led to an 

examination of the genetic ability of tomatoes to express anthocyanin. A single 

paragraph article in 1972 reported the presence of a dominant gene, ^/Anthocyanin fruit, 

in tomato from a L. esculentim x L. chilense cross (Giorgiev, 1972). Giorgiev (1972) 

reported that the purple color was caused by anthocyanins, though inadequate evidence 

for inheritance and confirmation of anthocyanin presence was provided. Reports of 

anthocyanins in tomato are somewhat confusing, as often heirloom varieties of tomatoes 

with names like purple and black do not appear to contain anthocyanins. Rather, the 

green flesh (gf) gene(s) is probably involved (Butler, 1962; Kerr, 1956a) because the 

muddy brown colors of these tomatoes are attributed to the failure of chlorophyll to break 

down, combined with the presence of red color from lycopene. 

Another gene Abg conditions anthocyanin expression in tomato fruit from the 

progeny of an intergeneric cross (Solarium lycopersicoides x L. esculentum) (Rick, 1994). 

Fruit with the gene atv derived from a Galapagos island accession (originally described 
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as L. pimpinellifolium now believed to be L. cheesmanii) also express anthocyanin (Rick, 

1964). 

Two lines of reasoning led to the investigations of anthocyanin fruit tomato. The 

high antioxidant activity associated with anthocyanins in other fruits suggests that 

anthocyanins in tomato fruit may increase antioxidant capacity. Plants of ^/tomatoes 

also have deeper green foliage and stems as well as intense anthocyanin expression in the 

hypocotyls of germinating seedlings. These are phenotypes that are also present in 

tomatoes with hp-1, which have higher carotenoid levels as a result of a mutation that 

exaggerates phytochrome response (Barker and Tomes, 1964; Kerr, 1965; Kerr, 1957; 

Palmieri et al., 1978; Peters et al., 1992). Anthocyanin production inv4/is enhanced by 

light exposure. Phytochrome is believed to act in regulation of anthocyanin production 

(Adamse et al., 1989; Kerckhoffs and Kendrick, 1993), indicating that alteration of 

phytochrome action may be involved in the anthocyanin fruit phenotype. 

Though anthocyanins in fruit of Solanaceous species has been frequently 

reported, no published characterization of anthocyanins in a tomato fruit have been 

found. Ames (Ames, 1983; 1993) highlights the fact that a diversity of biological pro- 

oxidants exist and a diversity of biological protection is required. While carotenoids 

provide a valuable lipid-soluble antioxidant, anthocyanins could add a new water-soluble 

antioxidant to the health benefits provided by tomatoes. 

Carotenoids and anthocyanins color the plant world and their sensitive molecular 

structures not only selectively absorb light, but also absorb oxidants and modulate many 

important processes in our bodies. Substantial genetic variability clearly exists for the 

expression of these compounds in tomatoes. Because tomato consumption levels are high 
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(they are second in per capita consumption of vegetables in the U.S.) tomato cultivars 

with high carotenoid and or anthocyanin content could have measurable health benefits 

on human populations globally. 
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CHAPTER 2 

DEVELOPMENT OF A RAPID HPLC METHOD FOR TOMATO 
CAROTENOID ANALYSIS 

ABSTRACT 

Increasing interest in the health benefits of carotenoids present in tomatoes provides 

impetus to assess their presence and quantity in tomato germplasm. The feasibility of 

assessing large numbers of accessions is limited by both the time and technical 

challenges involved in HPLC of carotenoids. We developed a protocol for extraction and 

HPLC analysis of tomato carotenoids that eliminates the use of roto-evaporation and 

partitioning into a two-phase system. Tomatoes are extracted using tetrahydrafuran and 

the filtered extract is combined 1:1 v/v with the mobile phase of the HPLC system. This 

system allows separation and quantitation of the primary carotenoids present in tomato: 

lycopene, P-carotene, phytofluene and phytoene, while limiting exposure of compounds 

to heat and oxygen and reducing extraction time and solvent use. 

INTRODUCTION. 

Researchers have been interested for many years in the health benefits of carotenoids, 

particularly P-carotene as a result of its pro-vitamin A and antioxidant activity. 

Originally, researcher interest was focused narrowly on provitamin A pigments and later 

grew to include other carotenoids present in plants as epidemiologists began to find 

strong correlations between diets high in carotenoid-rich vegetables and a decreased risk 

for cancer and other chronic diseases. Concurrently plant breeders were developing 
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tomatoes with increased p-carotene content (Tomes et al., 1954; Tomes, 1958; 

Tigchelaar, 1986). While interest in the health benefits of lycopene, the principal 

carotenoid and the red pigment in tomatoes, did not begin in earnest until the 1990's 

(Nguyen and Schwartz, 1999) tomato breeders have been exploiting genetic diversity for 

increased lycopene content because of a desire for better red color dating at least as far 

back as 1917, when a high pigment "rogue" was selected out of an unknown variety on a 

Campbell Soup Co Farm (Reynard, 1956). Recently, interest in lycopene has intensified 

as understanding of its antioxidant properties has increased (Stahl and Sies, 1996), and 

evidence has accumulated linking it to reduced risk of prostate cancer (Giovannucci, 

1999; Clinton, 1998), cervical cancer (Kanetsky et al., 1998; Van Eenwyk et al., 1991), 

breast cancer (Zhang et al., 1997; Dorgan et al., 1998) and heart disease (Kohlmeir et al., 

1997). Consequently, increased importance has been placed on quantitative and 

qualitative carotenoid content of tomato germplasm. 

This method was developed in response to the diverse challenges posed by the 

integration of carotenoid analysis into a plant breeding and germplasm evaluation 

program. The contrasting requirements of these objectives are the accurate identification 

and quantification of carotenoids by the HPLC (High Performance Liquid 

Chromatography) system and the need for large numbers of analyses. As tomato 

{Lycopersicon esculentum (L.) Mill, and related species) fruit ripens from green to red, 

chloroplasts are converted to chromoplasts packed with crystallized lycopene (Khudairi, 

1972). This crystallized structure, along with the chromophore of conjugated doubled 

bonds in lycopene and P-carotene, impart the characteristic red color of tomatoes (Nir 

and Hartal, 1996). While the carotenoid fraction of "normal" red tomatoes is composed 
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principally of lycopene, substantial genetic variability within tomato can result in the 

production of a surprising array of non-oxygenated carotenoids, particularly in orange- 

fruited types. While rapid spectrophotometric methods (Barret, 1999; McCollum, 1952) 

may be used to assess lycopene quantity in conventional red tomatoes, these methods will 

not provide substantial insight into the quantitative and qualitative aspects of other 

carotenoids. For example, substantial genetic variability exists for the lycopene/p- 

carotene stoichiometric ratio, controlled primarily by the Beta (B) and crimson (ogc) 

genes. Hirschberg and colleagues have suggested that developmentally regulated 

transcription of these genes is the primary mechanism controlling lycopene accumulation 

in ripening tomato fruit (Ronen et al., 2000). Other genes used by tomato breeders, 

mainly delta (del) and tangerine (t), qualitatively alter the carotenoids present (Rick and 

Stevens, 1986). HPLC analysis allows measurement of precursory compounds for genetic 

studies, quantification of P-carotene content for assessment of pro-vitamin A activity and 

identification of atypical tomato carotenoids present in delta and tangerine tomatoes. 

Many carotenoid extraction methods for HPLC involve concentration of a sample 

through roto-evaporation. This concentration step accomplishes several goals. It allows 

the use of multiple extractions ensuring the greatest percentage of carotenoid recovery 

from the sample while providing a concentrated sample in which low concentration 

compounds can be resolved. It also enables the concentrated sample to be partitioned into 

aqueous and organic phases. The organic phase can again be concentrated and brought 

back up to a given volume with a solvent miscible with the mobile phase of the HPLC 

system allowing the use of an efficient extraction solvent regardless of its miscibility with 

the mobile phase. Roto-evaporation however exposes the sensitive carotenoid compounds 
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to increased heat and oxygen and consequently greater potential for degradation and the 

production of artifacts. 

The method presented here is a modification of existing methods, principally 

those of Khachick et al. (1992) and Tonucci et al. (1995). This is a reverse phase HPLC 

method using gradient chromatography and a photo-diode array detector which does not 

require roto-evaporation or sample partitioning. 

MATERIALS AND METHODS 

Tomatoes. Seeds of LA3005, which possesses the dg gene, were obtained from the 

Charles Rick Tomato Genetics Resource Center, University of California, Davis. Fruit of 

this accession, used for methods comparisons in this study, were grown in greenhouses at 

Oregon State University in the spring of 2000, harvested fresh and stored at -230C until 

extraction. While LA3005 is a high pigment tomato and therefore has greater carotenoid 

concentrations than wild type tomatoes, our work and previous research indicates that 

there are neither qualitative nor stoichiometric differences in the carotenoids present. 

Seeds of 'UC82B', an open pollinated processing tomato, were obtained from Lockhart 

Seed Co (Stockton, CA) and were grown in the field in 1999 at the Seeds of Change 

Research Farm, Corvallis OR. Fruit from five plants were harvested at fully red ripe 

stage and immediately frozen and kept at -23° C until used for analysis. 

Standards. /?-apo-8-carotenal (all-trans) obtained from Fluka Chemical company 

(Milwaukee, WI) was used as the internal standard, /^-carotene (Type II synthetic) and 

lycopene (all-trans from tomato) and lutein (xanthophyll from alfalfa) standards were 
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obtained from Sigma-Aldrich Chemical Co (St. Louis, MO). Phytofluene, neurosporene 

and zeta-carotene were a donation from Hoffinan-LaRoche Co (Switzerland). 

HPLC. HPLC was performed with a Beckman model 334 gradient liquid chromatograph 

(Beckman Instruments Inc., Berkeley CA), Waters 991 Photo-diode array detector 

(Waters Inc., Milford MA). Analysis was carried out using a reverse phase Spheri-5 RP- 

18 column (220m x 4.6mm, 5 |im, Perkin Elmer Brownlee, Norwalk,CT) coupled to a 

ODS-5S guard column (3.0 cm x 4.6 mm, Bio-Rad, Richmond, CA). Two different 

chromatographic procedures referred to as "short" and "long" run were employed in the 

development of this system. Both systems used the same isocratic solutions for eluent A 

and eluent B. The conditions differed only in run time, flow rate and gradient time. The 

Mobile phase consisted of eluent A) 85% acetonitrile, 10% methanol, 2.5% hexane and 

2.5% dichloromethane and eluent B) 45% acetonitrile, 10% methanol, 22.5% hexane and 

22.5% dichloromethane. The chromatographic conditions for the short run were a flow 

rate of 1 ml per min, 0-1 min 100% isocratic eluent A, 1-7 min 0-100% eluent B linear 

gradient, 7-20 min 100%) eluent B. The System was returned to 100% eluent A in a linear 

gradient over 5 minutes and allowed to re-equilibrate for at least 10 minutes. The 

chromatographic conditions for the long run were a flow rate of 0.7 ml per min, 0-10 min 

100% isocratic eluent A, 10-40 min 0-100% eluent B linear gradient, 40-45 min 100% 

eluent B. The system was returned to 100% eluent A in a linear gradient over 5 minutes 

and allowed to re-equilibrate for at least 10 minutes. 

Extraction. Tomatoes were extracted using two different procedures referred to here as 

the "concentrated" and the "dilute" extraction procedures. Skins of thawed tomatoes 

were removed by hand and excluded from analysis. Care was taken to ensure that any 
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pericarp tissue, adhering to the skins was included in analysis. Tomato samples, internal 

standard /?-apo-8-carotenal (0.0416 mg/g tomato FW) and sodium carbonate (10% of 

fresh weight) were then homogenized in a Waring blender immersed in an ice bath. All 

extractions were carried out with no room lights and subdued ambient light. Extraction 

solvent was maintained at approximately 0oC. Both dilute and concentrated extraction 

procedures were carried out on subsamples from the same homogenate of tomatoes. In 

the comparison of tomato fruit vs. tomato skin, the skins from UC82B were first blended 

in a stainless steel blender in liquid nitrogen and then extracted by the dilute extraction 

procedure. 

Concentrated Extraction. A 12 g subsample of the homogenate was added to a Thomas 

Instruments (Philadelphia, PA) teflon pestle and glass extraction tube along with 

approximately 50 ml tetrahydrafuran (THF). This solution was macerated and filtered 

with a Buchner funnel lined with Whatman #1 qualitative filter paper. The solid materials 

were repeatedly re-extracted with THF in the Thomas tube until the filtrate was colorless, 

resulting in a volume of approximately 200 ml. The combined extractions were then roto- 

evaporated (Biichi Rotavapor R, Switzerland) at 370C to a volume of approximately 2 ml. 

This was then partitioned into 75 ml dichloromethane and saltwater (1% w/v) and washed 

3x with 25 ml saltwater. The aqueous phase was then washed with dichloromethane (3x 

25 ml) until the dichoromethane was colorless. The organic components were combined 

and roto-evaporated to approximately 2 ml and brought up to a final volume of 10 ml in 

eluent B. 

Dilute Extraction. For comparison to the concentrated extraction method the same 

concentration of internal standard (3-apo-8-carotenal (0.0416 mg/g tomato FW) was used. 
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Generally a concentration of 0.125mg/g FW tomato is used. A 4g subsample of the 

homogenate was added to the Thomas tube along with approximately 5 ml THF. This 

solution was macerated and filtered with a Buchner funnel and Whatman #1 filter paper. 

The solid material was repeatedly re-extracted with THF in the Thomas tube until the 

filtrate was colorless, resulting in a volume of approximately 25 ml. Final volume was 

measured with a pipette and recorded for quantitation. A 1 ml of aliquot of the sample 

was then combined with 1 ml of eluent A and vortexed. 

Preparation for injection.. Samples, diluted or undiluted, were filtered with 0.2 \xm. 13 

mm diameter nylon syringe filter (Alltech Inc. Deerfield, IL) and 50 \i\ was were injected 

into the HPLC system. 

Peak detection and integration. HPLC runs were monitored from 250-650nm with the 

Waters PDA detector. Peak identification of phytofluene, neurosporene, zeta-carotene, 

gamma-carotene, lycopene, p-carotene and lutein were based on matching spectra and 

retention times of reference standards. Identification of other detected carotenoids was 

based upon published spectra, lambda max and proportional retention times (Khachik et 

al., 1992). Quantitation was performed on lycopene, P-carotene, and phytofluene based 

upon calibration curves generated from reference standards at the beginning and end of 

each session. Phytoene was quantitated at 91% of the phytofluene slope based upon their 

respective absorption coefficients (Goodwin, 1952). All carotenoids were quantified 

based on integrated peak area at their respective lambda max in a maxplot-derived 

channel using Waters Millenium software version 2.0 (Waters Inc. Milford, MA). 
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RESULTS AND DISCUSSION 

Presented here is a technique for tomato carotenoid analysis using the dilute extraction 

technique and short run time described in the methods section. This method differs from 

many traditional carotenoid HPLC methods in two important ways: 1) There is no 

concentration of the sample and 2) it is not partitioned into aqueous and organic phases. 

In this method a small sample is extracted with an efficient solvent which is then diluted 

1:1 with the mobile phase of the HPLC system. 

In a direct comparison we have found comparable results for the four major 

tomato carotenoids (phytofluene, phytoene, lycopene and (J-carotene) to those obtained 

with traditional concentration and partitioning extraction. (Figure 2.1). Two separate 

reasons were the impetus for the development of this system: The desire to develop a 

more rapid and less expensive HPLC method specific to tomatoes and the attempt to limit 

exposure of the carotenoid compounds to heat and light. This method provides a 

substantial reduction in the time needed to perform the extraction and in the quantity of 

solvents required. In addition to these reasons we also desired to develop a system which 

used less hazardous organic solvents and did not require investment into costly 

explosion-proof homgenization equipment. 

Figure 2.2 is a direct comparison between the concentrated and dilute extraction 

methods conducted on 8 subsamples from the same homogenate. Lycopene mean values 

for the concentrated extraction procedure were only 70% of and significantly different 

(P= 0.007) from the values obtained from the dilute extraction procedure but there was no 



42 

0.80 

0.60 

0.40 

0.20 

AU 

1.00 

0.80 

0.60 

0.40 

a) 

Beta-apo-8- 
carotenal 

^A 

Lycopene 

^    Beta-carotene 

| Phytofluene 

Phytoene 

"T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 T" 

b) 

Beta-apo-8- 
carotenal 

A. 

Lycopene 

^    Beta-carotene 
/ Phytofluene 

I    ^ T .. Phytoene 

5.00 10.00 15.00    min. 

Figure 2.1 HPLC chromatograms obtained from a) Concentrated 
(rotoevaporated/partioned) extraction (1:16 v/v extract/solvent A) 
and b) Dilute (non-rotoevaporated/non-partitioned) extraction 
demonstrate comparable results under "short run" conditions. 
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significant difference in p-carotene (P= 0.194), phytofluene (P= 0.301) or phytoene 

(P=0.959). 

These results imply that in our hands, lycopene may be lost in the concentration 

and roto-evaporation steps. An anti-oxidant (i.e. BHT) was not added to the THF and the 

increased heat and oxygen exposure of the roto-evaporation may have contributed to the 

lycopene loss. In these comparisons we evaluated recovery of internal standard (P-apo-8- 

carotenal) added to the blender prior to homogenization. Mean percent recovery of the 

internal standard for the concentrated extraction procedure was 74% (+/- 28%) compared 

to 42% (+/- 10%)) for the dilute extraction procedure. These values were not consistent 

with the 99%) (+/- 3%) recovery we observed in several hundred extractions when 

internal standard is added tc the already homogenized subsample in the extraction tube. 

Lower recovery values when the internal standard is added prior to homogenization may 

indicate retention in the sample matrix. However, we attribute these lower values 

principally to difficulty in obtaining a subsample of principally aqueous tomato with 

uniformly distributed, primarily organic, internal standard. A linear response was 

observed with reference standards of P-apo-8-carotenal, P-carotene, lycopene, 

neurosporene, phytofluene, and zeta-carotene under the short run conditions presented 

here. 

Small sample size. A sub-sample size of 4g was used, which is small enough to allow 

extraction with a limited amount of THF. By carefully limiting the amount of extraction 

solvent used, the sample remains concentrated enough to avoid the need for roto- 

evaporation. The comparison presented here uses 25 ml THF for effective extraction of 

high pigment tomatoes. In practice 15-25 ml is sufficient to obtain in a colorless filtrate. 
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By quantifying carotenoid values from a final extraction volume as opposed to a set 

extraction solvent volume it is possible to assure complete extraction of the pigments 

present in tomatoes. 

Skin removal. Tomato skin is removed in processed tomato products. In carotenoid 

analysis tomato skin does not homogenize as completely as the flesh, and may result in 

unequal quantities being distributed in subsamples. Data from our laboratory suggests 

that analyses that include tomato skin give similar results but with greater variability. 

While extraction from tomato flesh appears to be nearly complete, resulting in almost 

colorless solid material remaining, tomato skin retained substantial color even with liquid 

nitrogen powdering prior to extraction. The skin and peeled fruit of UC82B were 

evaluated (Table 2.1). While the skin represented only 1.2% of the fresh weight of the 

tomatoes, carotenoid concentrations and ratios were substantially different between the 

skin and flesh. In particular phytoene concentration in the skin was nearly 7 times greater 

than in the flesh and represented 42% of the principal carotenoids. 

Table 2.1 Mean concentration (mg/lOOg FW), 95% confidence 
interval and percentage of the 4 major carotenoids in peeled 
fruit and skin of UC82B tomatoes. 

Fruit 95% % Skin 95% % 
mg/lOOgFW CI mg/lOOgFW CI 

Lycopene 5.90 ± 0.50 53 9.84 ± 2.39 24 

P-carotene 0.72 + 0.12 7 4.89 ± 1.92 11 

Phytofluene 2.00 ± 0.08 18 10.39 ± 4.02 23 

Phytoene 2.51 ± 0.31 22 17.40 ± 4.28 42 

While greater concentrations are not unexpected in the higher dry matter skin, the 

substantially different ratios implies the possibility of separate genetic regulation in the 
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skin. This is consistent with knowledge of the colorless fruit epidermis, controlled by the 

y gene, which regulates expression of carotenoids in tomato skin (Rick and Stevens, 

1986). However incomplete extraction of colored pigment from skin may also indicate 

that the change in ratios is the result of differential carotenoid extraction. 

Roto-evaporation. Several traditional methods of carotenoid extraction involve roto- 

evaporation. (Khachik et al., 1992; Bushway, 1986). Roto-evaporation is perhaps the 

most challenging aspect of some of the traditional methods because of the heat and 

oxygen exposure to the carotenoids and the time involved in the process. Care must be 

taken to keep temperature below 37° C (Khachik et al., 1992). Some authors suggest 

evaporation under nitrogen to limit oxygen exposure (Scott, 1992) and prevent damage to 

the carotenoids. Sadler et al. (1990) utilized a simplified procedure without evaporation 

but included a partitioning step. Elimination of roto-evaportation in the method presented 

here avoids these potential problems. This also results in the generation of substantially 

less hazardous waste. 

Partitioning. The step of partitioning the sample into aqueous and organic phases does 

not appear to pose any particular danger to the carotenoids beyond increased handling 

time. It was our observation that some color remained in the aqueous phase even when 

washing with dichloromethane no longer extracted color. While differences in lycopene 

quantity were observed between the two methods, it seems unlikely that lycopene would 

be preferentially left in the aqueous phase. Sadler et al. (1990) evaluated the straw 

colored liquid that results from the polar fraction and found no P-carotene or lycopene in 

this fraction. Because the sample was not partitioned with the dilute extraction system, 

polar compounds were included in the injection. This method is usually accompanied by 
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a larger, early eluting, injection spike in the chromatogram (Figures 2.3 & 2.4) as the 

solvent front moves through the detector, than is observed with partitioned samples. Our 

interpretation is that this peak includes these highly polar compounds which are present 

in the aqueous phase. We investigated the use of anhydrous sodium sulfate to remove 

water from the dilute extraction prior to injection, but found this did not substantially 

affect the chromatogram (data not shown) though there was a slight tendency towards 

lower lycopene values when sodium sulfate was included. Possibly some lycopene was 

trapped in the crystallization of the sodium sulfate. Consequently we did not include this 

step in our method. 

Mobile phase miscibility. One problem encountered in the development of this method 

was the development of an adequate injection solvent. In reverse-phase HPLC methods 

an injection solvent which is much stronger than the mobile phase of the system can 

result in a portion of the carotenoids remaining with the injection solvent as it passes 

through the column resulting in trailing peaks, broad bands and double peaks (Craft, 

1992). Dilute samples, with THF as the injection solvent routinely had problems of 

double peaks with identical spectra (Figure 2.5) or substantial quantity of 

carotenoids carried through on the injection spike. Combining these samples with an 

equal quantity of the eluent A of the mobile phase eliminated this problem in almost all 

cases. In the rare occasion where the problem of double peaks still occurred, repetition of 

the injection or increasing the dilution to 2:1 (eluent A: extracted sample) resolved it. 

Interestingly, in our hands, this problem was also encountered with the concentrated 

samples. Concentrated samples use eluent B to bring the roto-evaporated sample up to 10 

ml. We diluted these samples 1:1 with eluent A which then eliminated this problem. 
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Concentrated carotenoids were not sufficiently soluble in eluent A to use it to bring them 

up to the 10 ml standard volume. A similar situation was also encountered with the 

reference standards. 

a) 

AA 

b) 

v_ 

c) 

2.00 4.00      6.00      8.00      10.00 
Minutes 

600 

400 

nm 

2.00 

1.00 

AU 

Figure 2.5 Double peaks (a & b) from solvent immiscibility 
and distorted lycopene peak (c) from high concentration. 

Solubility of the carotenoids is an important consideration in storage of extracted 

concentrated samples as well. Though we typically inject the sample upon completion of 

the extraction, we have found that concentrated samples stored at -10oC will precipitate 

substantial quantities of the carotenoids and may require substantial vortexing once they 

have returned to room temperature to return them to solution. 

Injection concentration. The use of a 50\x\ injection loop allows a large enough sample 

for detection of major carotenoids in the dilute extraction system. However, this injection 

volume resulted in very large lycopene peaks approaching 3.0 AU when used with the 

concentrated extraction even when combined 1:1 with eluent A. The presence of unclear 

spectra with lambda max beyond the range of the detector (Figure 2.5) and improved 
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lycopene values when samples were diluted indicated that dilution or smaller injection 

volume was necessary for a linear response to lycopene with concentrated samples. In the 

methods comparison, concentrated extractions were run at dilutions of 1:1 and 1:16. 

Lycopene values for the 1:16 dilutions were, when adjusted for the dilution, higher and 

more consistent than the 1:1 dilutions. A concentrated extraction and a long run time 

however, reveal more peaks of minor carotenoids and better separated the trailing cis- 

peak for the lycopene isomer neolycopene A (Figures 2.3 and 2.4). Gamma carotene, 

neurosporene and zeta-carotene are near or below the limits of detection in the dilute 

extraction procedure. These compounds are intermediate biosynthetic steps catalyzed by 

efficient enzymes in tomato fruit and consequently are generally present only in very 

small quantities. 

HPLC run time and peak detection. Longer HPLC run times are not of particular 

concern when equipped with an auto-injector, though when adequate, a shorter run time 

is desirable because of reduced equipment time and solvent use. The dilute extraction 

system presented here provides samples that can be run with approximately a 15 min run 

time with clear resolution of the four principal carotenoids in tomatoes. However a 

concentrated sample and a longer run time provide better opportunity to assess minor 

carotenoids (Figure 2.4). The greatest danger of increasing the gradient to eluent B is that 

peaks resolved by a longer gradient may be compressed and not adequately resolved. 

This is illustrated by the proximity of zeta-carotene and phytofluene to P-carotene 

(Figures 2.3 & 2.4). In the short run time P-carotene follows just after zeta-carotene and 

there is some danger that values for P-carotene could include some zeta-carotene. The 

dilute nature of the extraction however results in a very small peak for zeta-carotene and 
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a small peak for P-carotene and this limits interference. Additionally, zeta-carotene has 

very little absorbance at the UV-visible absorption maxima of P-carotene resulting in 

little interference when P-carotene is quantified by absorption at its absorption maxima. 

A similar situation exists with phytofluene which just follows p-carotene. 

As mentioned above neither run time adequately resolves lycopene from the cis 

isomer, neolycopene A, [nomenclature of cis isomers as per Khachik (1989)] a common 

problem in HPLC of carotenoids. The quantity and presence of neolycopene A can be 

monitored with a Photo-diode array (PDA) detector for presence of the characteristic cis 

peaks at 346 and 360 nm. While genetic differences may exist in tomatoes for these cis 

isomers, our experience with reference standards of lycopene indicate that neolycopene A 

is a primary degradation product of lycopene in THF solution, and its quantity is an 

indication of the quality of the sample. 

Orange fruited varieties of tomatoes may require use of the longer run time 

depending on the genotype. Orange tomatoes which contain the beta gene and derive 

their orange color from increased P-carotene levels can be adequately analyzed with the 

short run time. Orange tomatoes conditioned by the tangerine (t) gene have several more 

peaks and complete resolution of these peaks requires a slower increase in the solvent B 

concentration which can be achieved with the long-run conditions. Lutein is generally 

present in only trace quantities in tomatoes and elutes just prior to P-apo-8-carotenal in 

the short run time. In some high pigment, tangerine (hp-1, t) tomatoes a substantial 

quantity of lutein is present and a longer run time or omission of the internal standard is 

required to resolve the peaks. 
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The UV-visible absorption maxima for tomato carotenoids under these conditions 

are presented in table 2.2 in their order of elution. Retention times varied to a small 

extent, though in general the final eluting compound, phytoene, was detected at about 11 

minutes. This relatively short run time is accomplished through the rapid gradient to 

100% eluent B. We investigated several possible isocratic conditions with varying eluent 

A/B ratios. We were successful in producing chromatograms under these conditions, 

however, they required either longer run times or conditions which gave overlapping, 

early eluting, peaks. We found the gradient conditions presented here provided the best 

compromise between fast run time and accurate peak identification. 

Table 2.2 UV-visible absorption maxima (X max) of tomato carotenoids in short run 
HPLC conditions. Multiple X max. Primary peak in bold. 

Carotenoid    —nm  
Lutein 
B-apo-8-carotenal 269.3 
Lycopene 1,2 295.5 
epoxide 
Lycopene 295.5 
Neolycopene A 296.7 
Gamma-carotene 285.5 
Neurosporene 
Zeta-carotene 

P-carotene 276.7 

Phytofluene 
Phytoene 

446.9 472.2 
457.1 

445.7 472.4 503.1 

446.9 472.4 504.3 
362.0 444.4 468.6 499.2 

464.8 492.8 
417.7 441.8 471.1 

381.0 402.5 427.9 
454.6 481.3 

331.1 349.4 368.3 
286.7 

Tomato Carotenoid Values Carotenoid values obtained with this method were 

comparable to previously reported values for tomato carotenoids. The USDA national 

carotenoid database lists mean values for red ripe raw tomatoes of a) 3.02 mg/lOOg FW 

lycopene with a range from 0.88 to 4.20 mg/lOOg and b) 0.39 mg/lOOg P-carotene with a 
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range from 0.12 to 0.70 mg /100g (USDA-NCC, 2000). Warm et. al. (1985) reported 

values for high pigment varieties from 9.6 mg/lOOg to 11.7 mg/lOOg. Using this method 

our lab has obtained values for lycopene in red tomato genotypes ranging from a low of 2 

mg/lOOg in a mid-winter (Oregon) grocery store tomato to above 14 mg/lOOg in high 

pigment genotypes. 

CONCLUSIONS 

This rapid HPLC method eliminates several steps which, in a large number of samples 

are costly in terms of solvent use and disposal as well as personnel and equipment time. 

We presented evidence that some lycopene may be lost or degraded in the roto- 

evaporation steps. The internal standard, (3-apo-8-carotenal, does not appear to be lost 

indicating that it may be less susceptible to degradation with the roto-evaporation step 

and thus its recovery would be greater than that of more sensitive carotenoids. 

Hazardous solvents used in this procedure are minimized. Tetrahydrafuran is highly 

flammable and an organic solvent labeled as a moderate health risk and requiring proper 

disposal. Our rapid procedure eliminates the potential hazard of its use in a blender and 

substantially reduces the quantity needed. The dichloromethane, used in the partitioning 

step but omitted in our rapid procedure is labeled a severe health risk and a cancer 

suspect agent. 

The rapid HPLC method presented here provides an accurate measure of tomato 

carotenoids in a system which represents a compromise between rapid 

spectrophotometric approaches and exhaustive carotenoid extraction procedures. For 

large scale breeding programs interested in assessing total carotenoid content, 
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spectrophotometric approaches would be most appropriate for initial screening, while 

genetic analysis of carotenoid biosynthesis and regulation requires HPLC analysis. 
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CHAPTER 3 

EVALUATION OF CAROTENOID CONTENT IN HIGH PIGMENT, 
PROCESSING AND "BLACK" HEIRLOOM TOMATOES 

ABSTRACT 

The health benefits associated with lycopene consumption have generated new interest in 

the carotenoid content of tomatoes. A rapid HPLC method was used to evaluate 

lycopene, P-carotene, phytoene and phytofluene content in a direct comparison of tomato 

genetic stocks containing high pigment (hp-1), dark green (dg), Intense pigment (Ip) and 

crimson (ogc) and Anthocyanin Fruit (Af). The hp-1 gene increased lycopene levels by 

48% in an isogenic background, while the hp-l/ogc increased lycopene levels by 81%. 

The dggene increased lycopene content by 37% in the cultivar 'Walter' and 164% in the 

'Manapal' tomato. LA3771, the hp-l/ogc double mutant, had the highest mean lycopene 

values of 9.43 mg/lOOg FW. Three processing cultivars had lycopene levels between 

normal genotypes and high pigment types, but very low P-carotene levels, resulting in 

lycopene/p-carotene ratios similar to tomatoes containing the crimson gene. Intense 

pigment cultivars had greater lycopene content than normal genotypes but significantly 

less than hp-1 or dg. Carotenoid content in Af tomatoes was similar to that of normal 

genotype tomatoes. "Black" heirloom tomatoes appear to have the green flesh (gf) gene 

and had the lowest carotenoid and lycopene content of the cultivars analyzed. 
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INTRODUCTION 

Biological activity and health benefits attributed to lycopene and other carotenoids has 

generated substantial interest in the content and improvement of carotenoids present in 

tomatoes. Tomatoes are the primary dietary source of the acyclic carotenoid lycopene. 

Lycopene has been associated with reduced risk of prostate cancer (Clinton et al., 1996; 

Giovannucci, 1999), cervical cancer (Kanetsky et al., 1998; Van Eenwyk et al., 1991), 

breast cancer (Zhang et al., 1997; Dorgan et al., 1998) and heart disease (Kohlmeir et al., 

1997). The evidence of biological activity and health benefits of lycopene have been 

reviewed (Krinsky, 1998; Clinton, 1998; Weisburger, 1998; Stahl and Sies, 1996; Sies 

and Stahl, 1998; Nguyen and Schwartz, 1999; Giovannucci and Clinton, 1998) as has the 

epidemiological evidence of lycopene's role in disease prevention (La Vecchia, 1998; 

Giovannucci, 1999). The growing consensus is that lycopene does indeed have important 

biological activity and that lycopene consumption and blood serum levels are associated 

with reduced risk of cancer and chronic diseases. Additionally, clinical trials are showing 

promising results in the prevention and treatment of prostate cancer (Karmanos, 2000). 

Consequently, increased importance has been placed on the quantity and identity of the 

carotenoids present in tomato germplasm. 

Studies of the genetic control of carotenoid content in tomatoes pre-date the 

recent understanding of the biological importance of lycopene and have been integral in 

the discovery of the carotenoid biosynthetic pathway (Goodwin, 1952). Tomato breeders 

have, in all likelihood, increased lycopene content for many years through quantitative 

selection for improved color, as the red color in tomatoes is related to the lycopene 
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content (Rick and Stevens, 1986). Single genes, that alter carotenoid quantity include 

high pigment-1 (hp-1) (Thompson et al., 1962; Tomes, 1965), high pigment 2 (hp-2) 

(Soressi, 1975), dark green (dg) (Konsler, 1973) and yellow flesh (r) (Khudairi, 1972). 

Genes that alter relative carotenoid proportions include, Beta (B) (Lincoln and Porter, 

1949), crimson (ogc) (Thompson et al., 1967), tangerine (t) (Clough and Pattenden, 

1979; Tomes et al., 1952) and delta (del) (Tomes, 1968) have also been used by tomato 

breeders to alter color or carotenoid content. Typical red tomatoes do not contain any of 

these mutant pigment or color alleles and are referred to in this paper as 'normal 

genotype' tomatoes. 

The hp-1 gene has been studied extensively since the selection of the original high 

pigment rogue, 'Webb Special', in 1917 (Reynard, 1956). Originally thought to be the 

result of an interaction of two recessive genes (Thompson, 1955) the high pigment 

phenotype of 'Webb Special' is now believed to be due to a single recessive gene that 

was recently mapped to chromosome 2 (Yen et al., 1997). Available evidence suggests 

that the normal Hp-1 gene product acts as a negative regulator of phytochrome action. 

Consequently, the multiple phenotypic expressions of the hp-1 gene (heightened 

chlorophyll levels in leaf and immature fruit, increased seedling anthocyanin content and 

high levels of carotene ids, quercetin and vitamin C in the fruit) are seen as a result of 

enhanced phytochrome action (Yen et al., 1997). Phytochromes are the photoreceptors of 

a signal transduction pathway that regulate the expression of numerous plant processes 

including chloroplast development and anthocyanin production. While hp-1 tomatoes do 

not have increased levels of phytochrome A or phytochrome B, they do exhibit 
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exaggerated phytochrome responses consistent with the lack of a regulatory gene product 

(Van Tuinen, 1996; Kendrick et al., 1997). 

A similar phenotype has been observed in an ethyl methane sulfonate (EMS) 

induced mutation hp-2 (Soressi, 1975), which Van Tuinen et al. (1997) have determined 

is not an allele ofhp-1 and have mapped to chromosome 1. A third high pigment tomato 

gene dg was discovered as a spontaneous mutant in the cultivar Manapal in 1973 

(Konsler, 1973). While highly similar in phenotype to the hp mutants, dg has darker 

green foliage and immature fruit color, its chromosome location has not yet been 

determined. 

Use of these otherwise desirable genes has been limited in tomato breeding 

because of undesirable pleiotropic effects reported by Jarret et al. (1984) of slower 

germination, reduced plant growth, brittle stems, smaller fruit and lower yield. Warm 

(1995) found that these deleterious effects could be partially overcome by exogenous 

gibberellin applications while at the same time maintaining the desirable nutritional traits. 

These results imply there may be a competition for metabolites of the isoprenoid pathway 

from which both carotenoids and gibberellins are derived. In addition, quantitative 

selection for improved plant characteristics in the high pigment background could be 

successful if genetic variability for gibberellin sensitivity can be exploited. 

The ogc gene has been used to increase lycopene content of tomato cultivars, 

albeit at the expense of p-carotene (Thompson, 1964; Thompson et al., 1967). 

Researchers recently presented evidence suggesting that crimson is an allele for the 

lycopene cyclase enzyme that is controlled by a weak promoter resulting in decreased 

conversion of lycopene to P-carotene (Ronen et al., 2000). 
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Two other genes have been reported as potentially increasing carotenoid content, 

Ip and gf. The intense pigment (Ip) gene, reported by Rick (1974), originated as a 

segregant in L. chmielewskii and was backcrossed into L. esculentum. There have been no 

reports of carotenoid levels measured in Ip genotypes and it has not been as well 

characterized as hp-1 and dg. Ip did not respond to photoresponse experiments in the 

same manner that other high pigment types did, implying that its' increased pigment may 

not result from the same sort of phytochrome mutation attributed to the hp-1 and dg 

genes (Mochizuki and Kamimura, 1985). Palmieri et al. (1978) reported high carotenoid 

levels in a green flesh (gf) tomato. Green flesh tomatoes have a single recessive gene 

(Kerr, 1956) and fail to break down chlorophyll in the fruit resulting in a muddy brown 

coloration (Butler, 1962). Thompson and McCollum (1957) reported that a plant with 

similar characteristics to gfhad total pigment content similar to that of high pigment 

tomatoes. 

High pigment tomato germplasm could be an important genetic resource for the 

nutritional improvement of tomatoes. Increased chlorophyll, carotenoids, vitamin C and 

flavonoid levels along with improved red color, greater firmness and longer shelf life can 

be gained if the pleiotropic deleterious plant responses can be mitigated. 

The utility of high pigment germplasm in a tomato breeding program 

has not been determined because of the lack of data on carotenoid content in direct 

comparisons of hp-1, dg and Ip and gf and comparisons made in isogenic genetic 

backgrounds. The results presented here include comparisons of dg lines in an isogenic 

background and hp-1, ogc both separate and combined in an isogenic background and the 

first direct comparisons to include hp-1, dg, Ip, ogc and hp-l/ogc. These results also 
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include comparisons with processing tomato cultivars for which little data has been 

publicly available and provide a direct comparison to high pigment types in the same 

environment. 

MATERIALS AND METHODS 

Tomatoes. Field trials were grown on the Seeds of Change Research Farm, Corvallis, OR 

in 1998 and 1999. Plants were grown under organic conditions, fertilized with composted 

chicken manure (Gamble Farms Junction City, OR) and rock phosphate (Concentrates 

Inc. Portland, OR) and irrigated with drip irrigation. Plants were grown in a completely 

randomized design with two blocks in 1998 and 1999. Five (1998) or four plants (1999) 

were grown of each cultivar in each block. One fully ripe fruit from each plant of a 

cultivar was harvested and combined by cultivar within blocks for analysis. 

The greenhouse trial was grown in the summer and fall, with an October harvest 

at Oregon State University, Corvallis OR. Plants were grown in 3 gallon pots in potting 

mix (composted yard debris, peat moss, vermiculite, perlite) fertilized with chicken 

manure and Osmocote 15-9-12 (Scott Sierra, Marysville, OH). Natural lighting was used. 

Four plants of each cultivar were grown in a completely randomized design where each 

plant was considered a replicate. Ripe fruit were harvested from each plant and a single 

HPLC analysis of the combined fruit from each plant was made (four analyses per 

cultivar). 

Seed sources were: Charles Rick Tomato Genetics Resource Center (TGRC) 

University of California, Davis; Seeds of Change Inc., Santa Fe, NM; Lockhart Seed Co. 

Stockton, CA; Orsetti Seed Co. Modesto, CA; Heinz Seed Co. Stockton, CA.; Peace 
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Seeds, Corvallis OR and Seed Savers Exchange 1998 yearbook (SSE- Followed by 

yearbook source code), 3076 N. Wirm Rd. Decorah, Iowa. All cultivars or accessions are 

described in Table 3.1. All tomatoes were stored as whole fruit at -23° C prior to 

analysis. 

HPLC analysis. HPLC analysis was performed using a rapid HPLC method developed 

for tomato analysis, (see chapter two) and substantially derived and modified from the 

methods of Khachik et al. (1992; 1989). Analysis of all tomatoes was performed in the 

same manner with the exception that 1998 fruit were analyzed with skin and 1999 fruit 

were analyzed without skin. Removal of tomato skins generally resulted in smaller 

variances in separate extractions of a given homogenate but not in different mean values. 

When skins of thawed 1999 tomatoes were removed and excluded from analysis, care 

was taken to ensure that all pericarp tissue adhering to internal surface of skin was 

included in the analysis. Tomato samples were then homogenized in a Warring blender 

immersed in an ice bath. All extractions were done without room lights and under 

subdued ambient light. Extraction solvent was maintained at approximately 0oC by 

immersion in an ice bath. 

A four gram subsample of the homogenate and 0.5 mg of beta-apo-8-carotenal 

(internal standard) were added to a Thomas extraction tube (Thomas Instruments, 

approximately 15-ml tetrahydrafuran (THF). This solution was macerated and filtered 

with a Buchner funnel lined with Whatman #1 filter paper. The solid material was 

repeatedly re-extracted with THF in the Thomas tube until the filtrate was colorless; 

resulting in a volume of approximately 25 ml. Final volume was measured with a pipette 

and recorded for quantitation. One ml of sample was then combined with one ml of 



Table 3.1 Accession number genotype and source of tomato seed grown in trials. 

Accession or 
Cultivar 

Geneotype        Trial1     Seed Source' Background 
genotype 

Description 

LA2838A Normal 2.3 TGRC Ailsa Craig 

LA3538 hp-l 2.3 TGRC Ailsa Craig 

LA3771 hp-llogc 1,2,3 TGRC Ailsa Craig 

LA3179 og 2,3 TGRC Ailsa Craig 

LA0279 hp-l 3 TGRC Unknown 

LA3007 Normal 2 TGRC Manapal 

LA2451 dg 2 TGRC Manapal 

LA3005 dg 1,2 TGRC Manapal 

LA3465 Normal 2 TGRC Walter 

LA3011 dg 1,2,3 TGRC Walter 

LA 1996 Af 1,2,3 TGRC Vigaroz? 

UC82B 

Halley 3155 

Heinz 8892 

Black Prince 

Vermillion 

Normal 
(Processing) 
Normal 
(Processing) 
Normal 
(Processing) 
£/? 

ogc 

2,3 

2,3 

2,3 

1,2,3 

2 

Lockhart Seed Co. 

Orsetti Seed Co 
Modesto, Ca. 
Heinz Seed 
Stockton, Ca 
Seeds of Change 
Santa Fe NM 
Peace Seeds 

LA 1664 hp-l Ip 1,2, TGRC 

LA 1563 IP 1,2,3 TGRC VF145 

LA1500 Ip TGRC 

LA3006 hp-l(hp-2?;' TGRC San Marzano 

Brandywine Normal Seeds of Change 

Black Plum gf? Seeds of Change 

Black Early gP SSE-SWEDTRA 

De Barro Black gf? SSE-ILL-ON-98 

Peaccvine Normal Peace Seeds 

Double Rich Normal Seeds of Change 

'1= Field 1998 2 =Field 1999 3=Greenhouse 1999    y See materials ar 

Fresh market open pollinated cultivar released in 1910 (Darby, 1978). 

Webb Special original source of hp-l gene. 1917 Campbell Soup company. 

Fresh market open-pollinated cultivar. 

Nearly isogenic line Cultivar: Manapal with dg gene. 

Fresh market open-pollinated cultivar. 

Fresh market open-pollinated cultivar. 

Nearly isogenic line Cultivar: Walter with dg gene. 

/(/"derived from cross of L. esculentum x L. chilense. 

University of California, Davis Processing cultivar released in 1976. 

Fi Hybrid processing cultivar for California 

F| Hybrid processing cultivar for California 

Heirloom open-pollinated cultivar with brown fruit when ripe. 

Fresh market open-pollinated released by Purdue University. 

Unknown background with hp-l and Ip genes. Intensely pigmented. 

Processing open-pollinated cultivar. 

High soluble solids. Homozygous for the dark unripe color (/p) 

Roma/Processing open pollinated cultivar. 

Heirloom open pollinated cultivar with pink skin (y). 

Heirloom open pollinated cultivar with brown fruit when ripe. 

Heirloom open pollinated cultivar with brown fruit when ripe. 

Heirloom open pollinated cultivar with brown fruit when ripe. 

Open-pollinated cultivar. Cherry tomato. 

High vitamin C open-pollinated cultivar. 

See materials and methods for addresses and codes. "Possibly hp-2 OS 
ON 
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eluent A (85% acetonitrile, 10 % methanol, 2.5% hexane and 2.5% dichloromethane v:v) 

and vortexed. Samples were then filtered with 0.2 (a.m 13 mm diameter nylon syringe 

filter (Alltech Inc. Deerfield IL) and 50 |il was injected into the HPLC system. 

HPLC was performed with a Beckman model 334 gradient liquid chromatograph 

(Beckman Instruments Inc., Berkeley, CA), equipped with a Waters 991 Photo-diode 

array detector (Waters Inc, Milford MA). Analysis was carried out using a reverse phase 

Spheri-5 RP-18 column (220m x 4.6mm, 5 nm, Perkin Elmer Brownlee, Norwalk,CT) 

coupled to a ODS-5S guard column (3.0 cm x 4.6 mm, Bio-Rad, Richmond, CA). 

Gradient conditions were employed for the mobile phase which consisted of eluent A: 

85%) acetonitrile, 10 % methanol, 2.5% hexane and 2.5% dichloromethane (v:v) and 

eluent B: 45% acetonitrile, 10% methanol, 22.5% hexane and 22.5% dichloromethane 

(v:v). The chromatographic conditions included a flow rate of one ml per min, 0-1 min 

100% isocratic eluent A, 1-7 min linear gradient from 0-100% eluent B, 7-20 min 100% 

eluent B. The system was returned to 100% eluent A in a linear gradient over five minutes 

and allowed to re-equilibrate for at least 10 minutes. 

Standards. Beta-apo-8-carotenal (all-trans) obtained from Fluka Chemical company 

(Milwaukee, WI) was used as the internal standard. yS-carotene (Type II synthetic) and 

lycopene (all tans from tomato) standards were obtained from Sigma-Aldrich Chemical 

Co (St. Louis MO). Phytofluene, neurosporene and ^-carotene were a donation from 

Hoffman-LaRoche Co. (Switzerland). 

Peak detection and integration. HPLC runs were monitored from 250-650nm with the 

Waters PDA detector. Peak identification of phytofluene, neurosporene, (^-carotene, y- 

carotene, lycopene, P-carotene and lutein were based on matching spectra and retention 
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times of reference standards. Identification of phytoene was based upon comparison to 

published spectra, lambda max and proportional retention times (Khachik et al., 1992). 

Quantitation was performed on lycopene, P-carotene, and phytofluene based upon 

optimum calibration curves generated from reference standards. Phytoene was 

quantitated at 91% of the phytofluene slope based upon their respective absorption 

coefficients (Goodwin, 1952). All carotenoids were quantified based on integrated peak 

area at their respective lambda max in a maxplot-derived channel, Waters Millenium 

software version 2.0. (Waters Inc. Milford MA). Mean internal standard recovery was 

99% (CV 3%), consequently values were calculated according to raw data as opposed to 

corrected for internal standard. Statistical analyses were performed with SAS version 

6.12 (SAS Institute Inc. Cary, NC). Interactions among blocks, genotypes and 

environments were assessed using multiple linear regression and factorial ANOVA by 

the general linear model procedure. Means and 95% confidence intervals for means were 

calculated by the general linear model procedure. 

RESULTS AND DISCUSSION 

Significant genetic variability for carotenoid content was observed in all three 

trials and this observation was most dramatic for lycopene where there was almost a 

three-fold range in concentration among cultivars. It should be noted that while these 

trials included several genotypes with heightened carotenoid expression, all the 

genotypes represented were lycopene-accumulating (red-fruited) types as opposed to 

orange-fruited types. If orange-fruited types had been included the range of lycopene and 

P-carotene values represented would be drastically expanded. 
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We observed relatively high variability within genotypes for lycopene content. 

The variances tended to increase as means increased so we examined data after 

logarithmic transformation. We did not find any substantial differences in our ability to 

distinguish significant differences between mean carotenoid values however, and 

subsequently did not use the transformed values in our analysis. We compared the mean 

responses of individual tomato cultivars and also compared pooled genotypes. Processing 

tomatoes were separated from the 'normal' tomatoes by their substantially different 

carotenoid profile. 

Carotenoid content of tomatoes is ripening-dependent and every effort was made 

to harvest fruit at a consistent maturity level. The genotypes represented in these trials did 

differ for most maturity indices. Length of time required to ripen, color and firmness are 

all significantly affected by the genes present in these tomato cultivars. 

There were four tomato lines which were represented in all three trials and we 

investigated differences among the three trials with this subset. We found significant 

genotype by environment interaction for P-carotene and lycopene (Table 3.2 & Appendix 

1). These interactions were most dramatic for lycopene values of LAI 996 Anthocyanin 

fruit and 'Walter' dg which were both significantly lower in 1999 than in 1998. VF145 Ip 

was higher in P-carotene concentration in the field in 1999 than in the other trials (Figure 

3.1). 

We found no significant difference among blocks within a trial, in either of the 

field trials. For direct comparisons between cultivars we kept the three trials separate with 

the exception of pooling 1999 data for the 'Ailsa Craig' series, which did not exhibit 

genotype x environment interaction. 
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Figure 3.1 Lycopene and P-carotene values (mg/lOOg FW) of the four tomato 
cultivars in the field 98, field 99 and greenhouse 99 trials. 
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The current understanding of carotenoid biosynthesis and regulation in tomato 

fruit provides a framework that is generally consistent with the data we accumulated. 

Overlying this framework however, are substantial effects of environment and genetic 

background. We generally observed higher levels of lycopene accumulation in the field 

1998 than in 1999. In cultivars that were included in both trials there was also substantial 

change in ranking by lycopene levels between the years. There were also significant 

genotype by environment (GxE) interactions between the greenhouse and field in 1999 

for the 10 varieties shared between these environments (Table 3.3 & Appendix 2). We 

also investigated the GxE interaction in the 1999 trials using multiple linear regression. 

Heinz 8892 (P=0.001), UC82B (P=0.02) and LA 3011 (P=0.009) contributed to the GxE 

interaction because all had significantly reduced lycopene levels in the greenhouse 

(Figures 3.4 and 3.5). 

Recurrent selection for improved carotenoid content is hindered by the kind of 

variability and GxE interaction observed. Breeding lines should be evaluated with larger 

sample sizes and multiple environments to assure maximum progress. This variability 

also highlights the value of the single gene traits for improving carotenoid content. We 

calculated mean values for the pooled genotypes in all three trials (Figure 3.2). The hp- 

l/ogc and hp-1 tomatoes had the highest overall mean lycopene values of 9.43 and 9.40 

mg/lOOg FW respectively, almost 3 times the national average for fresh tomatoes 

(USDA-NCC, 2000). Mean values for tomatoes with dg were 7.16 mg/lOOg FW. The 

high pigment genotypes, hp-1 and dg, clearly dominated the high lycopene genotypes 

while the Ip tomatoes (5.83mg/100g FW) were intermediate between normal genotypes 
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Table 3. 2 ANOVA tables for carotenoid responses of cultivars VF145 Ip, LA1996 
Anthocyanin fruit, Walter dg and Ailsa Craig hp-1 in three trials. Cultivar x Trial is the 
parameter for the interaction between the cultivar and the trial. 

] Lycopene 

Sum of Mean 
Source d.f. Squares Square F-Value Probability 
Total 37 159.12 
Cultivar 3 74.6 24.87 23.90 0.0001 ** 
Trial 2 40.6 20.30 19.51 0.0001 ** 
Cultivar x Trial 6 16.9 2.81 2.70 0.0356 * 
Error 26 27.1 1.04 

P-carotene 

Sum of Mean 
Source d.f. Squares Square F-Value Probability 
Total 37 23.19 
Cultivar 3 18.82 6.27 91.63 0.0001 ** 
Trial 2 0.21 0.11 1.53 0.2417 ns 

Cultivar x Trial 6 2.38 0.40 5.79 0.0006 ** 
Error 26 1.78 0.07 

] Phytofluent i 

Sum of Mean 
Source d.f. Squares Square F-Value Probability 
Total 37 7.23 
Cultivar 3 1.19 0.40 2.82 0.0593 ns 

Trial 2 1.52 0.76 5.40 0.0110* 
Cultivar x Trial 6 0.86 0.14 1.02 0.4360 ns 

Error 26 3.66 0.14 

Phytoene 

Sum of Mean 
Source d.f. Squares Square F-Value Probability 
Total 37 9.51 
Cultivar 3 1.79 0.60 3.49 0.0300 * 
Trial 2 1.13 0.57 3.30 0.0529 ns 

Cultivar x Trial 6 2.14 0.36 2.08 0.0907 ns 

Error 26 4.45 0.17 
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Table 3.3 ANOVA tables for carotenoid responses of the 10 cultivars in the greenhouse 
and the field trials in 1999. GH/Out x Cultivar is the parameter for the interaction of 
environment (greenhouse or field) by cultivar. 

] Lycopene 

Sum of Mean 
Source d.f. Squares Square F-Value Probability 
Total 59 331.93 
Cultivar 9 225.19 25.02 17.25 0.0001 ** 
GH/Out 1 5.53 5.53 3.81 0.0580 ns 

GH/Out x Cultivar 9 43.18 4.80 3.31 0.0042 ** 
Error 40 58.03 1.45 

^-carotene 

Sum of Mean 
Source d.f. Squares Square F-Value Probability 
Total 59 26.3703 
Cultivar 9 21.65 2.41 43.19 0.0001 ** 
GH/Out 1 0.53 0.53 9.56 0.0036 ** 

GH/Out x Cultivar 9 1.96 0.22 3.91 0.0013 ** 
Error 40 2.23 0.06 

] Phytofluene 

Sum of Mean 
Source d.f. Squares Square F-Value Probability 
Total 59 23.803 
Cultivar 9 12.09 1.34 9.86 0.0001 ** 
GH/Out 1 3.82 3.82 28.03 0.0001 ** 
GH/Out x Cultivar 9 2.44 0.27 1.99 0.0665 ns 

Error 40 5.45 0.14 

] Phytoene 

Sum of Mean 
Source d.f. Squares Square F-Value Probability 
Total 59 31.08 
Cultivar 9 16.64 1.85 8.42 0.0001 ** 
GH/Out 1 1.98 1.98 9.02 0.0046 ** 
GH/Out x Cultivar 9 3.68 0.41 1.86 0.0870 ns 

Error 40 8.78 0.22 
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greenhouse trials grouped by genotype. 
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(4.36 mg/lOOg FW) and the high pigment types. As a group, the black' heirlooms had 

low lycopene content (4.26 mg/lOOg FW). Processing genotypes were also intermediate 

in lycopene content (5.98 mg/lOg FW) but had very high lycopene/p-carotene ratios. 

High Pigment Germplasm: hp-1, dg and ogc genes. Carotenoid levels of the hp-1 and 

dg germplasm were consistently high with the exception of LA 3011 dg in 1998. (Figures 

3.3-3.5; Appendix 3-5) The highest ranking mean lycopene estimates were consistently 

observed with the hp-1 gene, either alone (LA 3006 in 1998) or in combination with the 

crimson ogc gene, (LA 3771 field and greenhouse 1999). The only hp-1 cultivar with 

significantly different (P=0.05) lycopene levels from the other hp-1 cultivars was the 

lower values observed for LAI664 hp-l/Ip. Also represented in the highest lycopene 

grouping in the field in 1999 was the processing type Heinz 8892 discussed below. 

Grouped by genotype, lycopene values for hp-1 tomatoes were significantly 

higher (P=0.05) than the dg tomatoes in the field in 1998 and the greenhouse in 1999, but 

not in the field in 1999. There was no statistically significant difference in lycopene 

values (P=0.05) between the hp-1 and hp-l/og genotypes. However, as expected, (3- 

carotene was significantly higher for the hp-1 genotypes. 

Lycopene levels ofhp-l/ogc have been investigated previously. Tomes (1965) 

found lycopene and P-carotene levels of 19.69 and 0.69 mg/lOOg FW respectively (Table 

1.1). This lycopene level is the highest reported in the literature for tomato fruit. Warm et 

al. (1985) found 9.6 mg/lOOg fresh wt with the hp-1 log0   double mutant and 11.7 

mg/lOOg with dglogc double mutant. Carotenoid levels reported in the literature, and the 

results of the present study, suggest that in addition to major gene effects, genetic 

background and environment also modulate carotenoid levels in tomatoes. 
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Figure 3.3 Field 1998 Mean tomato carotenoid concentrations and 95% confidence 
intervals of the four principal carotenoids as measured by HPLC. 
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Consequently it was of interest to investigate the ability ofhp-J and ogc to increase 

carotenoid content in a given background genotype. 

The background genotype 'Ailsa Craig' (LA2838) and three nearly isogenic lines 

containing hp-1 (LA3538), ogc (LA3771), and the recombinant, with hp-llogc (LA3179) 

were grown in the greenhouse and the field in 1999. There was no significant difference 

for environment or GxE interaction for these lines and overall means are presented. 

Results from this 'Ailsa Craig' series indicated a 81% increase in lycopene concentration 

in the fruit of the hp-llogc double mutant in comparison to 'Ailsa Craig'. In comparison, 

Warm et al. (1985) observed a 129% and 73% lycopene increase when comparing two 

separate pairs of lines with the hp-11 ogc combination to sib lines without these two 

genes. Warm et al. (1985) also observed a two to three-fold increase in p-carotene. We 

observed, no significant difference in P-carotene concentration between the normal and 

hp-l/ogc genotypes. 

The results from the isogenic series (Figure 3.6) show that 'Ailsa Craig' with hp-1 

alone had lycopene concentration 48% higher than the normal 'Ailsa Craig'. P-carotene 

content increased by 24% with the hp-1 line while phytofluene and phytoene increased 

by 55% and 45% respectively. This is the first report comparing phytoene and 

phytofluene concentrations in isogenic lines. In contrast to the observation here, Tomes 

(1965) found a 34% increase in P-carotene in hp-1 compared to normal F2 generation 

plants. 

We also investigated the lycopene/p-carotene ratio, percent phytoene and percent 

phytofluene observed in 'Ailsa Craig' and 'Ailsa Craig' hp-1. There was no significant 

difference in any of these parameters between these two genotypes. This supports the 



80 

s - 
r -] r Total 

Carotenoids 

n 
J. 

r 

T 
n 

1 
- 

n - 

00 
E 

2 

0 
6 

4 

2 

2   12 

1 
1       Phytoene 

A T  
1—I— 1. r^n r^i 

1 
1 

1   . Phytofluene 
: 

T 
T 1 

—1 -  1  —i— 

hp-l/og' 

Figure 3.6 Carotenoid levels of the 'Ailsa Craig' isogenic series, LA 
3771 hp-1 ogc, LA 3538 hp-1, LA 3179 ogc, and LA 2838 'Ailsa Craig' 
(++). p-carotene scaling has been increased to better illustrate values. 



Sk^« 
  

»    ~~c 6Ailsa Craig' og 

'Ailsa Craigf hp-l ^Ailsa Craig? hp-l/ogc 

Figure 3.7 'Ailsa Craig' Series 



82 

current understanding that the effect ofhp-I is to increase overall carotenoid levels but 

not change relative carotenoid composition. The consequence of the weak promoter in 

the ogc version of the lycopene cyclase gene is clearly shown in the concurrent rise in 

lycopene and decrease in P-carotene concentration observed here (Figure 3.6). In the 

isogenic crimson lines, P-carotene levels of the ogc stock were 58% lower than those 

observed in the normal type and lycopene was 35% higher. These results closely parallel 

the 57% decrease in P-carotene and 20% increase in lycopene observed by Lee and 

Robinson (1980) with isogenic lines of crimson 'New Yorker'. If the crimson gene only 

changes relative proportions of lycopene and P-carotene then total carotenoid content 

should not be affected. We observed (in agreement with Lee and Robinson's findings) 

total carotenoid levels slightly higher in crimson than in non-crimson, though this 

difference was not statistically significant. 

Our data from the 'Ailsa Craig' series are consistent with the hypothesis that P- 

carotene serves as a feedback inhibitor of carotenoid biosynthesis. In this scenario, when 

P-carotene levels are high, carotenoid synthesis is depressed. Evidence for this hypothesis 

comes from transgenic tomatoes with a bacterial phytoene desaturase (crtl) inserted to 

improve lycopene content. Unexpectedly, an increase in P-carotene and decrease in 

lycopene and total carotenoids was observed in the transgenic plants leading the authors 

to speculate that P-carotene acts as a feedback regulator (Romer et al., 2000). Stommel 

and Haynes (1994) however, found no evidence of an influence of the type of carotenoid 

present on total colored carotenoid content in L. cheesemanii x L. esculentum crosses 

which contains a gene with beta (B) like behavior. Beta is reported to be an allele of 

crimson with a strong promoter that results in a higher lycopene cyclase activity and 
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accumulation of (3-carotene at the expense of lycopene (Ronen et al., 2000). We 

investigated the association between total carotenoid levels and P-carotene levels in the 

broad range of genotypes represented in the greenhouse and in the 'Ailsa Craig' lines 

isogenic for the crimson gene. In the greenhouse in 1999 we observed a positive 

association (Figure 3.8) between total carotenoids and P-carotene (P=0.0001) in contrast 

to the negative relationship predicted by p-carotene feedback regulation. The field trials 

exhibited a similar response. However we observed a suggestive negative relationship 

(P=0.066) when we examined data from the 'Ailsa Craig' crimson lines. These lower 

total carotenoid levels, as P-carotene concentration rises, provide some evidence to 

suggest that in nearly identical genetic backgrounds, P-carotene may inhibit carotenoid 

synthesis. This response was not observed however, across genetic backgrounds and 

additive genetic factors were likely responsible for these observations. 

Dark green {dg) Tomatoes are phenotypically similar to hp-1 plants, with dark 

green immature fruit, darker green foliage, higher vitamin C and somewhat reduced plant 

growth and slower seed germination (Konsler, 1973). Three accessions containing the dg 

gene were investigated. These were accession LA3005 and two separate isogenic pairs; 

1) LA 2451 (dg) /LA3007 (+), 'Manapal' with and without dg and 2) LA3011(tfg) 

/LA3465 (+) the cultivar 'Walter' with and without dg. Very high lycopene values were 

observed for Manapal dg in the field trial inl998 (Figure 3.3 and 3.10), while 'Walter' 

dg had the lowest lycopene concentration of the high pigment germplasm and was not 

statistically different from some normal genotypes. The isogenic pairs were grown in the 

greenhouse in 1999 to assess the specific impact of dg on carotenoid levels. In the 

'Manapal' pair, the dg was observed to have lycopene levels 160% and P-carotene 
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47% higher than the 'Manapal' parent. This was the single most significant increase in 

lycopene concentration observed in this study. In contrast, 'Walter' dg had mean values 

only slightly higher than normal 'Walter', and the difference was not statistically 

significant. The results from the 'Walter' pair may be influenced by the low lycopene 

values recorded for the Walter dg line in the 

greenhouse 1999. Lycopene values for 'Walter' 

dg were substantially higher in the field in 1998 

and 1999, however neither of these trials 

included the isogenic counterpart. 'Walter' dg 

did not develop immature dark green fruit to the 

extent observed in the other dg genotypes. The 

failure of dg to increase carotenoid levels in 

accession LA3011 (Walter dg) to the extent seen 

in 'Manapal' may be the result of the genetic 

background, indicate that it does not contain the dg gene or has an allele of dg with 

weaker activity. Both of the other dg accessions represented are in the 'Manapal' 

background that the original mutant was found. These two'Manapal' dg accessions 

(LA3005 and LA2415) probably trace back to the original mutant. While this evidence 

suggests that the genetics of dg may be more complex than single gene inheritance, we 

obtained Fz plants with typical dg phenotype in a cross between UC82B and LA3005. 

Konsler (1973) reported lycopene levels of 6.13 mg/lOOg FW and p-carotene 

levels of 1.23 mg/lOOg FW in dg 'Manapal'. The P-carotene level was twice that 

Figure 3.10 Greenhouse 
1999 Lycopene values 
(mg/100gFW)inthe^ 
series. 

measured in hp-1 lines. In contrast we found P-carotene levels to be lower in dg lines put 
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Figure 3.11 LA 3005 'Manapal' dg (left) and UC82B (right) immature green fruit. 
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than in hp-1 lines. (3-carotene levels In the dg lines were increased 43% and 30% 

respectively over standard 'Manapal' and 'Walter'. The only other reports of carotenoid 

levels in dg are those of Warm et al. (1985). These were in the dg/ogc double mutant 

types and resulted in higher lycopene and P-carotene levels than any of the other 

genotypes in their study (Table 1.1). Phenotypically, the dark green fruit and foliage of 

the dg plants are the most visually intense of the high pigment germplasm. Increased 

vitamin C levels, chlorophyll levels and decreased fruit weight have previously been 

observed in dg isogenic lines (Jarret et al 1984) but their report did not address carotenoid 

levels. This is the first comparison of carotenoid levels in dg isogenic lines. While the 

'Walter' dg line appears not to have substantially increased carotenoid content the 

'Manapal' dg accessions clearly shows that dg lines can accumulate carotenoid levels 

similar to that of the hp-1 lines. 

High pigment germplasm: hp-1 x dg Fj. Fruit from Fj plants of five different crosses 

between hp-1 and dg lines were grown in the greenhouse in 1999 and analyzed for 

carotenoid content. These two genes are similar in phenotype and several researchers 

have conducted allelism tests. Jarret et al. (1984) determined that hp-1, dg and hp-2 were 

not allelic based on the fruit and foliage phenotype in Fi and F2 populations. Sayama 

(1979) cited by Mochizuki and Kamimura (1986) determined that hp-1, dg and hp-2 were 

allelic based on anthocyanin pigment in the radicle. Mochizuki, using the yellow film 

method also determined hp-1, dg and hp-2 to be allelic. In this method seeds are 

germinated under yellow film and the high pigment tomato seedlings exhibit normal 

growth and have hypoctyl anthocyanin expression while normal genotypes are etoliated 

and lack anthocyanin (Mochizuki and Kamimura, 1985). Mapping data which now places 



hp-1 and hp-2 on separate chromosomes casts doubt on conclusions that the hp-l and hp- 

2 are allelic (Van Tuinen et al., 1997; Yen et al, 1997). No mapping evidence exists to 

evaluate the relationship of dg to hp-l or hp-2. 

In our studies mean lycopene values for hp-l x dg Fi 's were 15% lower than the 

dg parent and 39% lower than the hp-l parent though these differences were not 

statistically significant (Figure 3.5). These results suggest the possibility of incomplete 

dominance of two wild type alleles, the possibility that dg could be an allele of hp-l or 

complementation of the two loci. No analysis of an Fi of a cross between either of these 

genes and normal parents was undertaken. Further study is planned for the progeny of 

these crosses. 

High pigment germplasm: ijp-Intense pigment gene. Ip originated as a segregant in L. 

chmielewskii and was backcrossed into L. esculentum (Rick, 1974). There is substantially 

less data published about ip and there are no reports of carotenoid levels. Van Tuinen 

(1996) noted that the Ip phenotype can be difficult to distinguish and that the genetics are 

unclear. Kendrick (1997) described the Ip phenotype as resembling a 'weak hp-l'. This 

description is consistent with our observations of the phenotype. 

Three accessions characterized as intense pigment Ip (LAI 500, LAI 563 and 

LA 1664) were assessed (Figures 3.3-3.5) though discussion here will exclude LAI664 

because it also contains hp-l. While these lines were not evaluated in isogenic 

backgrounds they were generally ranked at the lowest end of the high pigment tomatoes 

and the high end of the normal genotypes. Ip does not appear to present an opportunity to 

increase carotenoid content in the dramatic way that hp-l and dg do. However, it does not 

have the associated pleiotropic effects that have been attributed to hp-J and dg. 
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Kendrick et al. (1997) observed that Ip had response levels intermediate between hp-1 

and normal genotypes in photo-response experiments and did not have the lethality 

observed, under far red irradiance, with hp-1. The carotenoid levels and plant growth we 

have observed in Ip follow the same pattern. Ip tomatoes are intermediate between the 

high pigment and normal types in carotenoid concentration but do not appear to exhibit 

the deleterious plant growth characteristics associated with hp-1, hp-2 and dg. 

Consequently Ip may be a valuable addition, used either alone or in combination with 

other genes, for color and carotenoid enhancement. P-carotene, phytoene and phytofluene 

levels of the Ip genotypes were not significantly different at the 95% probability level 

from the normal genotypes. 

Processing germplasm. Trials in 1999 included three commercial processing cultivars of 

tomatoes: 'Heinz 8892', 'Halley 3155' and 'UC82B'. The Heinz and Halley cultivars are 

Fi hybrids that are important to the tomato processing industry in California. In 1997, 

they accounted for 22 and 26% respectively of the processing tomatoes grown statewide 

(Anonymous, 1997). The third cultivar, UC82B, is an open-pollinated processing cultivar 

released in 1976 (Anonymous, 1976). Carotenoid analysis of these cultivars yielded some 

surprising results. In the field in 1999 'Heinz 8892' had nearly the same lycopene levels 

as LA 3771 the hp-l/og recombinant. (Figure 3.4). This was not observed with 'UC82B' 

or 'Halley 3155' which had lycopene levels comparable to Ip lines and not significantly 

different than the normal 'Ailsa Craig'. In the greenhouse trial, lycopene concentrations 

of 'Heinz 8892' and 'Halley 3155' were significantly higher than 'UC82B' but were not 

significantly different from each other or normal 'Ailsa Craig'. It is not that surprising to 

observe processing cultivars with high lycopene content, as color is an important 
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selection criteria for processing. The thick pericarp walls results in a higher percentage of 

lycopene rich tissue. Lampe and Watada (1971) observed lycopene levels in pericarp 

tissue 2 to 3 times higher than that generally reported for whole tomatoes. However, 

lycopene levels comparable to the high pigment lines were not expected. 

P-carotene, phytoene and phytofluene values were also unusual for these 

cultivars. P-carotene 

concentrations for the processing 

cultivars were quite low. The 

processing cultivars were 

compared to other lines in the 

study by the use of lycopene/p- 

carotene ratios (1/bc). Mean ratios 

for the three processing cultivars 

formed a distinct grouping with the 

crimson cultivar at the highest 1/bc 

in the greenhouse and were nearly 

12 

10 

8 

6 
o 
£ 4 

2 

0 

L/Bc 

-: 

rn 

- - W - v 

%     %    4*   UM    ^    ^    £< O       £0    -^     gJ    ^    ^    ^ 

£ ^    1 
£ 

O 
£ 

Figure 3.12 Lycopene/p-carotene ratios 
of genotypic classes grown in 1999. 
Proc.=Processing types, Normal= non- 
high pigment types. g/?=black heirloom 
types. 

twice that observed with normal tomatoes. In the field in 1999, 'Heinz 8892' had 

significantly higher 1/bc than all other tomatoes with 'Halley 3155' and 'UC82B' ranking 

2"   and 3rd. Data from 1999 were pooled according to their genotype (Figure 3.12). The 

highest ratios were seen in the processing and crimson genotypes, which were not 

statistically different from one another but which were statistically higher (P=0.05) than 

all other genotypes (Figure 3.12). High lycopene/p-carotene ratios have been used to 

identify the crimson tomatoes (Thompson et al., 1967; Thompson, 1964) with weak 
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lycopene cyclase activity. Initial analysis of these data suggests the presence of crimson- 

like lycopene cyclase activity in these tomatoes. An additional possibility is that the 

higher percentage of pericarp tissue, which has been observed to have higher 1/bc than 

locule or whole fruit (Thompson et al., 1967; Lampe and Watada, 1971) could be driving 

the ratios higher in processing cultivars. Recurrent selection for good color could also be 

driving quantitative factors towards increased lycopene content. L/bc ratios reported in 

the national carotenoid database for tomato paste and tomato sauce are three and five 

times higher, respectively, than those reported for fresh tomatoes, supporting the 

findings reported here (USDA-NCC, 2000). 

Phytoene and phytofluene levels were unexpectedly high in the processing 

cultivars (Figures 3.3-3.6). When analyzed by genotype, the processing cultivars were the 

highest in phytofluene and phytoene concentration. Phytoene and phytofluene 

concentration, expressed as a percentage of the four principal carotenoids, were 

significantly higher, at the 95% probability level, than all other genotypes except Af dg 

and hp-l/ogc. This suggests that colored carotenoid potential in these processing cultivars 

may be greater than currently realized. There are also human nutritional implications to 

higher phytoene and phytofluene concentrations as Clevidence et al. (2000) suggested 

that these compounds may have enhanced bioavalibility. Higher phytoene and 

phytofluene levels also suggest potentially higher phytoene synthase activity in these 

tomatoes. 

Heirloom Tomato Cultivars. The dark-pigmented heirloom tomatoes analyzed ('Black 

Prince', 'Black Early','De Barro Black' and 'Black Plum') generally had carotenoid 

levels not significantly different than the normal tomatoes (Figures 3.3-3.5; Appendix 3- 
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5). As a group, these cultivars were the lowest ranking group of the 1998 trial, and 'Black 

Prince' (the only representative of this group in 1999) also had very low carotenoid 

concentrations in the 1999 trials. The dark color of these cultivars stems from a failure of 

chlorophyll to break down consistent with the phenotype reported for the green flesh (gf) 

gene (Kerr, 1956). In contrast to our observations Palmieri et al. (1978) observed gf fruit 

with higher lycopene values than hp-1 fruit in isogenic 'San Marzano' lines. HPLC 

analyses of these 'black' heirlooms reveal two distinct peaks, eluting on either side of 

lycopene, in all the chromatograms (Figure 3.13). The spectra of these two peaks were 

identical to one another and their lambda max are consistent with those reported for 

pheophytin a. Pheophytin a is the magnesium-free version of Chlorophyll a. Khachik et 

al. (1986) reported that chlorophyll a', a C-10 epimeric isomer of chlorophyll a with 

identical UV-visible spectra, eluted soon after chlorophyll a in similar chromatographic 

conditions to those used here. Acid conditions are known to separate the magnesium ion 

from chlorophyll resulting in the olive brown pheophytins. The acid conditions of tomato 

fruit and typical color of the 'black' heirlooms are consistent with the presence of 

pheophytin a, however these compounds were not further investigated. 

The presence of chlorophyll or pheophytin in these tomatoes appears to be the 

principal cause of the dark coloration; the mixture of green and red reflected light 

resulting in the brownish appearance of these cultivars. Apart from the chlorophyll 

present there were no other anomalies in the carotenoid profile of these cultivars. In 

contrast to implications that may be drawn from the names of some of these cultivars, we 

found no visible evidence of any anthocyanin. There may be an association between the 

persistent chlorophyll and the low carotenoid content found in the present study. Khudairi 



93 

Figure 3.13 Peaks consistent with pheophytin-like properties 
eluting on either side of lycopene in the 'Black Prince' tomato. 
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(1972) reported that chloroplasts are converted to chromoplasts during the ripening of 

normal tomato fruits. Visual observations of the "black" heirloom types suggest some 

chloroplasts to fail to undergo this developmental shift to chromoplasts. It is not well 

understood what relation chlorophyll breakdown has to carotenoid production in tomato 

fruits, though clearly the two are concomitant processes in normal tomato fruit ripening. 

Khudairi (1972) suggests that the phytol molecule released in the degradation of 

chlorophyll to chlorophyllide may be used in carotenoid synthesis. Consequently, gfrnay 

lower carotenoid levels by two means: failure of individual chloroplasts to develop into 

chromoplasts and the denial of carotenoid biosynthetic precursors through inhibition of 

chlorophyll breakdown. 

Miscellaneous tomatoes. Also represented in the trials were several normal tomato 

cultivars. Carotenoid levels of these varieties were similar to those of normal genotypes. 

'Peacevine', the single cherry tomato included in the study, had similar levels to other 

normal fruit. This is in contrast to high levels of 20.0 mg/lOOg lycopene reported by 

Ishida et al (1998) for the 'VFNT Cherry' tomato. 

LAI996, the anthocyanin fruit Af tomato, and LA 3668 (data not shown) were the 

only tomatoes which clearly had anthocyanin present. LA 1996 exhibits intense 

anthocyanin in the stem of the hypocotyl and distinctly darker green foliage in all 

developmental stages similar to high pigment lines. Carotenoid concentrations in LAI996 

fruit however were similar to those of normal tomatoes. The anthocyanin production of 

this line does not appear to limit, nor enhance carotenoid production, though isogenic 

lines are not yet available to assess the specific affect of y4/upon carotenoid levels. 

Anthocyanin production is not expected to affect carotenoid levels because anthocyanins 
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and carotenoids do not compete for precursors in the same biosynthetic pathways, and 

their cellular localization is distinct. 

Carotenoid Biosynthesis Models. Regulation of carotenoid biosynthesis is not 

completely understood, however certain rate limiting steps, feedback mechanisms and 

carotenogenic enzyme complexes have been proposed (Cunningham et al., 1996; 

Cunningham and Gantt, 

1998;Fraseretal., 1994; 

Hirschberg et al., 1999; 

Ronen et al., 1999; Ronen 

et al., 2000). Ultimately, 
Figure 3.14 Multienzyme carotenogenic complex 
proposed by Cunningham and Gantt (1998) in the development of tomato 
thylakoid membranes and stroma of plants and algae. 
LCYB Lycopene cyclase beta. PDS-Phytoene cultivars with higher 
desaturase. ZDS-Zeta-carotene desaturase. 

carotenoid levels will 

require understanding and 

manipulation of these regulatory mechanisms. We have attempted to evaluate the data 

from the tomatoes analyzed here in the context of current biosynthesis and regulation 

models. 

The four principal carotenoids of tomato (phytoene, phytofluene, lycopene and P- 

carotene) were analyzed here. Other carotenoids (principally (^-carotene, neurosporene 

and y-carotene) generally accumulate to such low levels in ripe tomato fruit that their 

presence was at the limits of detection in this rapid HPLC method. Neurosporene and £- 

carotene are both substrates for the enzyme (^-carotene desaturase (ZDS) which 
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apparently has very high activity in ripe tomato fruit accounting for the very low 

accumulation of these two compounds (Fraser et al., 1994). 

If the multi-enzyme carotenogenic complex proposed by Cunningham and Gantt 

is responsible for desaturation and cyclization steps, certain relationships between the 

carotenoids that accumulate are suggested. The simplest model would be one in which 

upon binding to the enzyme the desaturization and cyclizatin to P-carotene would be 

essentially simultaneous. In this model phytoene the substrate and P-carotene the product, 

would presumably be the principal carotenoids to accumulate. This is not the case in ripe 

tomato fruit. One proposed model in tomato fruit suggests that developmentally regulated 

transcription of the gene encoding lycopene cyclase beta is the major mechanism 

determining lycopene concentration (Hirschberg et al., 1999; Ronen et al., 1999; Ronen 

et al., 2000). Combining the multi-enzyme model of Cunningham and Gantt with the 

transcriptional regulation suggested by Hirschberg and Ronen suggests an integrated 

model for carotenoid regulation in which many of the carotenogenic complexes in tomato 

fruit must be lacking lycopene cyclase beta (LCYB). This arrangement would result in 

the desaturation of phytoene to lycopene with conversion to p-carotene occurring only at 

the complexes that contain LCYB. Lycopene would accumulate based on the relative 

activity or presence of LCYB. This model implies that abundant lycopene saturates 

available LCYB enzymes and would 'de-couple' P-carotene concentrations from 

phytoene and phytofluene concentrations. 

Proportionate levels of phytoene/phytofluene (substrate for phytoene desaturase- 

PDS), would not be expected based on simultaneous desaturation by the multi-enzyme 

carotenogenic complex proposed by Cunningham and Gnatt (1998) (Figure 3.14). In this 
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model the simultaneous desaturation would result in very little phytofluene accumulation, 

as once a molecule was bound to the multi-enzyme complex it would be simultaneously 

desaturated to ^-carotene and then to lycopene. 

The close association between phytoene and phytofluene concentrations we 

observed is consistent with a single PDS enzyme but would imply that, if multi-enzyme 

complexes form, desaturation from phytoene to zeta-carotene is not always simultaneous. 

R values for the phytoene/phytofluene relationship we observed were greater than 0.80 

for all three trials (Figure 3.15). The low levels of neurosporene/i^-carotene we observed 

are consistent with a simultaneous desaturation model and with the suggestion that C,- 

carotene desataturase (ZDS which desaturates ^-carotene and then neurosporene to form 

lycopene) is not a rate 

limiting step in 

carotenoid biosynthesis 

(Fraser et al., 1994). We 

observed only suggestive 

evidence for a direct 

relationship between (3- 

carotene and either 

phytoene (r2 = 0.02; P 

=0.09) or phytofluene 
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Figure 3.15 Tomato phytoene/phytofluene 
(mg/lOOg FW) regression in the Greenhouse 1999 
trial. 

levels (r =0.03; P=0.10) 

respectively. This supports the hypothesis that phytoene and P-carotene concentrations 

are not closely linked because of the saturation of the lycopene cyclase enzyme. 
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One implication of the model where lycopene accumulates because of low 

lycopene cyclase activity is that lycopene and P-carotene concentrations are inversely 

correlated because LCYB uses up lycopene as the substrate to make P-carotene. 

Supporting the validity of this model we observed an inverse correlation (r2 =0.57 ; 

P=0.011) in the 'Ailsa Craig' ogc isogenic pair (Figure 3.7). However, as was the case 

with P-carotene feedback inhibition, this relationship was reversed and positively 

associated (r2 =0.33; P=0.001) when we analyzed the broad spectrum of background 

genotypes represented in the 1999 trials. Consequently, we observed that lycopene and P- 

carotene levels in the 'Ailsa Craig' isogenic pair are consistent with the concept of 

developmentally regulated transcription of lycopene cyclase. However, outside of this 

context, quantitative factors appear to mask this underlying relationship and P-carotene 

levels rise with increasing levels of lycopene. 

Fraser et al (1994) and Cunningham and Gantt (1998) suggest that phytoene 

synthase (PSY) and phytoene desaturase (PDS) are the primary rate limiting steps in 

tomato fruit carotenoid biosynthesis. The accumulation of greater concentrations of 

phytoene and phytofluene than neurosporene/^-carotene that we observed is consistent 

with phytoene desaturase (PDS) as a rate-limiting step in carotenoid biosynthesis in 

tomatoes. 

The results from processing tomatoes in this study are consistent with a PSY 

influence over carotenoid synthesis. Processing tomatoes were higher in phytoene (the 

product of PSY) than all other genotypes implying high PSY activity. The processing 

cultivars also contained relatively high levels of lycopene indicating that high 

phytoene/phytofluene levels were not likely the result of low PDS activity. 
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Our results indicate that lycopene accumulation in tomatoes can be best 

represented by a model where lycopene concentration is the function of PSY and PDS 

activity minus the activity of LCYB and is significantly affected by environment and 

genetic background. Genetic background may include additive genetic factors or single 

genes like the high pigment mutants. The evidence that P-carotene may act as a feedback 

regulator for carotenoid synthesis is weak even in the isogenic crimson lines. Our data 

neither suggests nor precludes the formation of a multienzyme carotenogenic complex. 

CONCLUSIONS 

This study is the most comprehensive analysis of carotenoid content in high pigment 

tomato germplasm to date. Effects of both the hp-1 and dg genes were evaluated in 

isogenic lines, providing insight into their utility for carotenoid enhancement in breeding 

programs. Tomato lines with dg were similar in carotenoid content to hp-1 lines, however 

the data from the 'Manapal' lines suggests that dg may have greater potential to enhance 

carotenoid levels in a particular background. Results of the 'Walter' dg series suggest that 

quantitative genetic factors may influence expression of this gene or an alternate allele 

may be present. Isogenic lines with hp-1 and dg genes in the same genetic background 

are not yet available. The double hp-l/ogc line had the highest lycopene content, but in 

contrast to earlier reports, had reduced p-carotene. 

The distribution of carotenoid and lycopene levels across all the samples analyzed 

also suggests the presence of modifying genes that influence carotenoid levels, noted by 

previous studies (Tomes, 1965). Supporting this hypothesis, Chen et al. (1999) found 

eight QTL that accounted for 41% of the variation in lycopene content in a backcross 
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population between a fresh market L. esculentum breeding line and an L. pimpinellifolium 

accession. We investigated the relationship between these QTL and the mapped location 

of the high pigment and ogc/B loci. A single major QTL, that accounted for 12.4% of the 

total variation, mapped to an area of chromosome one that contains au, a phytochrome 

mutant and hp-2. The QTL detected on chromosome six maps to a region approximately 

13 cM from the ogc/B locus (Solgenes, 2000). Significant correlations between lycopene 

concentration and quantitative traits of fruit weight and diameter were also reported 

(Chen et al., 1999). High lycopene levels in the processing tomatoes analyzed here also 

support the concept of quantitative factors influencing lycopene content. Lycopene/p- 

carotene ratios in the processing tomatoes analyzed here suggests either the strong 

influence of quantitative traits in reducing P-carotene levels or the presence of crimson- 

like genes in these cultivars. This is supported by data from the National Carotenoids 

Database and highlights the importance of analytical monitoring of important nutritional 

components in plant breeding programs. While evidence suggests (Clevidence et al., 

2000) that carotenoids are particularly bio-available from processed tomato products, 

recent processing tomatoes may have reduced P-carotene and increased lycopene 

content. It is possible that the crimson gene has been incorporated into these processing 

cultivars, however, this was not reported in the pedigree of 'UC82B' (Anonymous, 

1976). Incorporation of the crimson gene, alone or in tandem with high pigment genes 

into processing tomatoes may be cause for some concern in these already low P-carotene 

cultivars. 

There is no evidence presented here to suggest that the "black" heirloom tomato 

material has enhanced carotenoid content, and may in fact have reduced levels. The 
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intense pigment Ip gene also did not result in particularly high carotenoid tomatoes but 

may help boost carotenoid levels without the high pigment associated pleiotropic effects. 

The results presented here provide insight into two alternative and potentially 

complementary paths for improving carotenoid content in tomato cultivars. One is to use 

existing characterized high pigment genes {hp-1, dg and potentially og0) and breed for 

quantitative improvement of the undesirable pleiotropic effects. A second process is to 

select from existing material for quantitative improvement of carotenoid content. Given 

the strong influence of quantitative factors, incorporation of high pigment genes could 

likely be augmented by additional recurrent selection for improved carotenoid content. 

The evidence presented here suggests that incorporation of hp-1 or dg may double 

carotenoid content in a given genetic background. These single gene mutants are easier to 

work with in that the gains made through the accumulation of quantitative genes would 

be disturbed in the next cycle of crossing. With the growing body of evidence for the 

health benefits of carotenoids and particularly those of lycopene, these genes clearly offer 

the potential for increasing the health benefits from tomatoes and tomato products. 
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CHAPTER 4 

CHARACTERIZATION AND INHERITANCE OF THE ANTHOCYANIN FRUIT 
Af TOMATO. 

ABSTRACT 

Fruits of tomato accession LAI 996 with the Anthocyanin Fruit Af gene have dark green 

foliage, high anthocyanin expression in the hypocotyl of seedlings and anthocyanin in the 

skin and outer pericarp tissues of the fruit. Segregation ratios of anthocyanin expression 

in F2 and BCi populations of a cross between the open pollinated processing tomato 

'UC82B' and LAI996 are consistent with a single dominant gene. Anthocyanin 

expression is reduced in backcross 1 populations compared to the F2 population and the 

data suggest that expression may be stronger in the homozygous plants. Anthocyanin 

concentration, as measured by the pH differential method in accession LAI996, is 

estimated to be 5.6 mg/lOOg and 18.2 mg/lOOg in the pericarp and skin tissues 

respectively. Lycopene, beta carotene, phytoene and phytofluene levels are similar to 

those of normal genotype tomatoes and lower than those found in high pigment tomatoes. 

INTRODUCTION 

Interest in the nutritional and antioxidant properties of tomatoes has traditionally focused 

on the carotenoid components, lycopene and P-carotene, and vitamin C with its 

antioxidant activity. Radical oxygen species are among the most important mutagens and 

carcinogens that attack DNA, lipids, proteins and other biological membranes in our 

bodies (Halliwell, 1994). 



108 

Epidemiological evidence shows there are great differences in cancer and chronic 

disease rates based on geographic and cultural boundaries. This evidence suggests that 

much human cancer and disease may be avoidable. Diet is considered by many 

researchers to be a cause of these differences. Interest in anthocyanins as an important 

phytonutrient was sparked, in part, by recognition of the "French paradox" where a low 

incidence of heart disease is observed in a culture with high risk factors (Burr, 1995; 

Renud and de Lorgeril, 1992). Dietary phytonutrients and antioxidants provided by fruit 

and vegetable intake are considered to be of primary importance in the prevention of 

disease and aging (Ames et al., 1993; Ames, 1983). In this case, anthocyanins in red wine 

are thought to confer a health benefit. 

Anthocyanins have received particular attention because of very strong 

antioxidant activity as measured by the oxygen radical absorbing capacity assay (ORAC) 

exhibited by the anthocyanin rich fruits. Grapes (Wang et al., 1996), blueberries, 

blackberries, raspberries and cherries (Wang et al., 1997) all have high antioxidant 

capacity in comparison to other fruits and vegetables. 

Tomatoes (Lycopersicon esculentum (L.) Mill.) are rich in the carotenoids, 

lycopene and beta-carotene of which both are known to be important dietary antioxidants. 

Two studies have separately compared the antioxidant levels of lycopene (Stahl and Sies, 

1996), and cyanidin-3-glucoside (Wang et al., 1997; Stahl and Sies, 1996), the 

anthocyanin with the highest measured ORAC value, to those of the vitamin E analog 

Trolox. While the studies used different methodology to measure antioxidant capacity, 

both compounds had approximately three times the antioxidant capacity of Trolox. 

Paradoxically the antioxidant activity measured for tomatoes is generally much lower 
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than that reported for anthocyanin rich foods. However there is only one report in which 

tomatoes were compared to anthocyanin rich fruits (Wang et al., 1996), and in this study, 

acetone, which is a poor extractant for the lipid soluble carotenoids, was used for the 

tomato pulp extraction. This may be partly responsible for the low values reported for 

tomatoes. 

The antioxidant and other health beneficial aspects of anthocyanins have led to an 

examination of the genetic ability of tomatoes to express anthocyanin. A single 

paragraph article in 1972 reported the presence of a dominant gene, /!/Anthocyanin fhiit, 

in tomato from a L. esculentim x L. chilense cross (Giorgiev, 1972). Giorgiev (1972) 

reported that the purple color was caused by anthocyanins, though inadequate evidence 

for inheritance and confirmation of anthocyanin presence was provided. Reports of 

anthocyanins in tomato are somewhat confusing, as often heirloom varieties of tomatoes 

with names like purple and black do not appear to contain anthocyanins. Rather, the 

green flesh (gf) gene(s) is probably involved (Butler, 1962; Kerr, 1956) and the muddy 

brown colors are attributed to the failure of chlorophyll to break down, combined with 

red color from lycopene. 

Another gene Abg conditions anthocyanin expression in tomato fruit from the 

progeny of an intergeneric cross (Solarium lycopersicoides x L. esculentum) (Rick, 1994). 

Fruit with the gene atv derived from a Galapagos island accession (originally described 

as L. pimpinellifolium now believed to be L. cheesmanii) also express anthocyanin (Rick, 

1964). 

Two lines of reasoning, based on the desire to improve nutritional content in 

tomato led to the investigations of the anthocyanin fruit tomato: 1) The high antioxidant 
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activity associated with anthocyanins led to speculation that anthocyanins in tomato fruit 

may increase its antioxidant capacity. 2) Plants of 4/anthocyanin fruit tomatoes also have 

deeper green foliage and stems as well as intense anthocyanin expression in the 

hypocotyls of germinating seedlings. These phenotypes are also present in tomatoes with 

high pigment (hp-1) gene. The hp-1 tomato fruits have high levels of carotenoids as a 

result of a mutation which exaggerates phytochrome response (Barker and Tomes, 1964; 

Kerr, 1957; Kerr, 1965; Palmieri et al., 1978; Peters et al., 1992). Anthocyanin 

production in Af'is stimulated by light exposure and phytochromes are known to act in 

light mediated regulation of anthocyanin production (Adamse et al., 1989; Kerckhoffs 

and Kendrick, 1993). Consequently, phytochrome action may be involved in the 

anthocyanin fruit phenotype, and other physiological traits such as carotenoid content, 

vitamin C levels and quercetin content may be affected as they are in high pigment 

tomatoes. 

Carotenoids and anthocyanins represent two separate categories of antioxidants, 

lipid- and water-soluble, and occupy distinct cellular locations in plants, the plastids and 

the vacuoles. Inclusion of both compounds in tomato fruits offers the potential for 

increased health benefits. 

MATERIALS AND METHODS 

Color and Anthocyanin Measurement. Tomatoes were grown from seed of accession 

LA 1996 obtained from the Charles Rick Tomato Genetics Resource Center, Davis, CA. 

Ripe tomatoes were harvested from five plants grown at the Seeds of Change Research 

Farm, Corvallis OR in 1998. Color measurements were made on five ripe fruit with a 
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Minolta CR-300 (Minolta Inc. Ramsey NJ) colorimeter. Munsell values were derived 

from X,Y,Z tri-stimulus measurements obtained with the Minolta colorimeter. 

Fruit expressing median to high levels of anthocyanin were extracted. Areas of 

skin containing anthocyanin were removed with a scalpel. Areas of pericarp tissue 

containing anthocyanins were separated from the rest of the fruit using a carrot peeler. 

Pericarp and skin were kept separate and frozen at -23 0C until extraction. 

Extraction was done according to the procedures of Giusti and Wrolstad (1996). 

Tissues were frozen with liquid nitrogen and powdered in a mill prior to extraction. 

17.64g of pericarp tissue powder and 6.42g of skin powder were extracted separately 

with 100% acetone and filtered with a buchner funnel. Filtercake was re-extracted with 

70% acetone. The extractant was partitioned with chloroform in a separatory funnel and 

allowed to stand at 10C for 12 hours. The chloroform fraction was discarded and the 

aqueous fraction was roto-evaporated at 40oC until dry and brought to total volume of 

50ml with distilled water. Total anthocyanin content was measured by the pH differential 

method (Wrolstad, 1993) using a Varian DMS double beam spectrophothometer. 

Samples were diluted 5:1 in pH 1.0 and pH 4.5 buffer. The difference in absorption 

between the UV visible adsorption maxima (540 nm for skin tissue and 535.5 for 

pericarp) and adsorption at 700 nm was determined at pH 1.0 and pH 4.5. The difference 

between these two values was used to determine the total anthocyanin concentration 

according to the formula [(Abs pH 1.0 -Abs pH 4.5)/eL] x 103 x MW x Dilution factor. 

The results are expressed as cyanidin-3-glucoside, using 29,600 as the extinction 

coefficient (e) and 445.2 the molecular wt (MW). L is the pathlength in cm of the 

spectrophotometer. 
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Genetic Studies. Fi crosses were made in the greenhouse in the winter of 1999. Crosses 

between single plants of LAI 996 and UC82B, a normal genotype open pollinated 

processing tomato, were used for the F2 and backcross populations. Backcrosses were 

made in the field and protected from further pollination. F2 seed was from open 

pollinated Fi plants. Fi plants were grown and observed at the Seeds of Change Research 

Farm in Corvallis OR in 1999. F2 and backcross populations were grown and scored in 

the winter/spring of 2000 at the greenhouses of Oregon State University. Greenhouse 

plants were grown in 1 gallon pots with potting mix and fertilized with Osmocote (Scott 

Sierra, Marysville, OH) slow release fertilizer. Supplementary lighting was provided 6:00 

am to 4:00 pm, temperatures were kept at minimum of day 240C and night 180C. 

RESULTS AND DISCUSSION 

Total Anthocyanin Concentration and Color Measurement. The purple pigments of 

LAI996 (Figure 4.1) are clearly anthocyanins as they exhibit the characteristic UV 

visible adsorption spectrum and pH dependent color change of anthocyanins. The total 

anthocyanin concentration was 5.6 mg/lOOg in the pericarp tissue and 18.2 mg/lOOg in 

the skin, expressed as cyanidin-3-glucoside 

Color measurements were made of the deepest purple areas and of typical red 

areas of the Af tomato. These fruit exhibit varying degrees of expression of these traits. 

Mean values of color measurement show that a substantial color change takes place in the 

anthocyanin rich tissues of these fruits. (Table 4.1) L*a*and b* and chroma values were 

all reduced in anthocyanin rich tissues. Hue angle was not substantially changed. 
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Figure 4.1 Fruit of tomato accession LAI 996 showing anthocyanin in the skin and 
pericarp. 
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Table 4.1 Color measurement values for Anthocyanin Fruit tomatoes. 

Sample L* a* b* Hue an igle Chroma 
Red area 
Purple area 

Difference(A) 

40.82 
33.47 

-7.35 

27.71 
13.48 

-14.23 

23.39 
11.34 

-12.05 

40.17 
40.07 

-0.10 

36.26 
17.62 

-18.64 

Table 4.2 Munsell values for Anthocyanin Fruit tomatoes 

H V/C 
Red 5Y/R   4.6/8 
Area 
Purple       5Y/R   3.8/2 
Area 

Table 4.3 Fi progeny of crosses to LA 1996 4/"anthocyanin fruit tomato. 

Cross Type Cross Anthocyanin 
Present in Field 

Afx hp-1 LA 1996 x LA 3538 Y 
Afx hp-1 LA 1996 x LA 3538 Y 
Afx hp-l LA 1996 x LA 3006 Y 
Afxdg LA 1996 x LA 3011 Y 
dgxAf LA 301 Ix LA 1996 Y 
Afx hp-1, og LA 1996 x LA 3771 Y 
hp-1, og xAf LA 3771 x LA 1996 Y 
Afx hp-1, Ip LA 1996 x LA 1664 Y 
Afx Proc LA 1996 xHalley 3155 Y 
Proc x Af UC82B x LA 1996 Y 
Afx Proc LA 1996 xHalley 3155 Y 
ProcxAf UC82B x LA 1996 Y 

dg =dark green, og =crimson, Proc= Processing types (Normal) 



115 

Genetics olAf. The hypothesis of a single dominant gene is consistent with our data for 

the Af gene. F| progeny of 12 separate crosses to the anthocyanin genotype were 

evaluated in the field in 1999 and all expressed anthocyanin in the fruit (Table 4.3 & 

Figure 4.3). F2 progeny of a cross between y4/and UC82B, a normal genotype, were 

consistent with the hypothesis of a single dominant gene for anthocyanin fruit (P=0.14). 

Progeny of two separate backcrosses to UC82B by the Fi of Afx UC82B were consistent 

with the single dominant gene when analyzed separately (Table 4.4). However we 

conducted a test of homogeneity and pooled data from progeny of both backcross 

populations. The general trend of a deficiency of the anthocyanin class was observed and 

was statistically significant (P = 0.02). This is not entirely unexpected as Afis the result 

of an interspecific cross between L. esculentum and L. chilense between which there are 

significant fertility barriers (Rick and Stevens, 1986). Elimination of an allele through 

chromosome loss could be involved. Alternatively, expression of anthocyanin in the 

backcross population was significantly lower than in the F2 population and the lower light 

levels in the greenhouse compared to the field possibly limited intensity of anthocyanin 

expression. Consequently, some heterozygous plants could have had such limited 

expression that they were mis-scored. 

While fruit was scored for presence or absence of anthocyanin, expression was 

clearly variable. We evaluated all three populations with a score of 1-4 with 1 scored as 

no anthocyanin and 2,3 and 4 as low, medium and high levels of expression (Figures 4.2). 

The results were clearly different between the F2 population and the backcross 

populations (Figure 4.3) with very little medium or high anthocyanin expression in the 

backcrosses. Using the F2 population we tested the hypothesis that homozygous plants 



Table 4.4. x2 test of single dominant gene hypothesis for Af'm F2 and backcross 1 
populations grown in greenhouse in the winter/spring 2000. 
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Number of plants 

Observed Expected (0-E)A2/E x2 Prob. 
F2 Population 
UC82B x 1996 
Anthocyanin 40 45 0.56 
w/o Anthocyanin 20 15 1.67 

2.22 0.14 

Backcross S-2 
UC82B/1996//UC82B 
Anthocyanin 16 22 1.64 
w/o Anthocyanin 28 22 1.64 

3.27 0.07 

Backcross S-l 
UC82B/1996//UC82B 
Anthocyanin 7 10 0.90 
w/o Anthocyanin 13 10 0.90 

1.80 0.18 
Test of Homogeneity 
Combined BC 

X2Sum 5.07 
Anthocyanin 23 32 2.53 
w/o Anthocyanin 41 32 2.53 

X2 Pooled 5.06 0.024 
Difference 0.01 >0.90 
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Figure 4.3 Anthocyanin scores in F2 progeny. 1 - No expression. 2- Low expression. 
3-Medium expression. 4- High expression. 
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Figure 4.3 Anthocyanin intensity in F2 and backcross 
populations of Af crosses. 1 = no expression, 2 = Low 
expression, 3 & 4 = medium and high expression. 

had greater anthocyanin expression than heterozygous plants. We performed a x2 test for 

the hypothesis that tomatoes scored as a 1 (no anthocyanin) were homozygous (afaj) 

tomatoes scored as 2 (low expression) were heterozygous {Afaf) and tomatoes scored (3 

& 4) medium and high expression were homozygous (AfAf). The 20:25:15 ratio 

observed was consistent with the 1:2:1 ratio (x2 P= 0.29) expected for that hypothesis. 

Carotenoids of the Anthocyanin Fruit Tomato. The phenotypic similarities between 

the 4/tomatoes and high pigment tomatoes led us to investigate the possibility that Af 

may also have heightened carotenoid levels. Carotenoid levels observed in Af'm three 

separate trials were not statistically different from normal tomatoes at the 95% 

probability level. Af fruit were significantly lower in lycopene and beta-carotene than hp- 

1 and dg genotypes (Figures 3.1-3.3). While isogenic lines are not available, it is unlikely 

that /i/substantially alters carotenoid quantity or carotenoid ratios. 
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CONCLUSIONS 

While anthocyanins are known to have antioxidant properties, neither the specific 

anthocyanins present in Af tomatoes nor their antioxidant capacity has been assessed. The 

simple inheritance makes the gene easy to move into existing tomato cultivars, however 

more intense expression is probably needed to exhibit strong antioxidant activity. While 

no carotenoid increase was associated with the presence of Af, shared phenotypic traits 

indicate that it may be valuable to include Af in studies of tomato photomorphogenic 

mutants. It would additionally be valuable to assess the flavonoid and vitamin C levels in 

fruit of 4/genotypes. Preliminary results in F2 populations ofhp-1 x Af'crosses indicate a 

potential synergistic response between these two genotypes. The introduction of the 

anthocyanin fruit characteristic into carotenoid rich tomatoes provides the opportunity to 

develop new cultivars rich in water and lipid soluble antioxidants. 
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CHAPTER 5 

CONCLUSIONS 

SUMMARY 

The ability to translate health benefits from carotenoids and anthocyanins to actual 

improvement of health, through dietary consumption, requires the incorporation of 

meaningful levels of these compounds into commonly consumed food crops and their 

cultivars. While key factors like growing environment, postharvest handling and 

processing will influence concentrations of phytonutrient compounds in a final food 

product, all of these factors can only achieve the optimum levels pre-determined by the 

genetic potential of the crop. The role of achieving this maximum genetic potential falls 

to plant breeders and geneticists. 

For plant breeding to be successful several factors need to be in place. There must 

be accurate ways to measure the concentration or biological activity of the desired 

phytonutrient components. Genetic variability must be identified and heritability 

determined. The impact upon plant growth and nutritional components, of shifting 

metabolism to greater concentration of particular phytonutrients, should be minimal. 

Improvement in the concentrations of the compounds should be measurable and 

meaningful. This task, while not substantially different from what is required in most 

plant breeding projects, requires additional cost and time of analytical measurements and 

adds another component to breeding programs which already have multiple objectives. 

The intent of this project was to evaluate tomato germplasm for components with 

health benefits. Because of the substantial research focusing on health benefits and 
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antioxidant activity of carotenoids and anthocyanins these components were chosen. A 

subset of tomato germplasm characterized as having higher pigment content was 

identified. 

In analyzing this germplasm this project has focused on three areas. We 

developed a new analytical technique for carotenoid analysis that is more appropriate for 

the scale required by plant breeding programs. We assessed carotenoid concentrations in 

tomato germplasm, including accessions with contrasting alleles at major pigment loci. 

Finally we examined the inheritance of 4/anthocyanin fruit and its ability to express 

anthocyanins that are generally absent in tomatoes. 

The rapid HLC method presented here offers an important intermediate analytical 

option appropriate to plant breeding and genetic studies of carotenoids in tomatoes. Rapid 

spectrophotometric and colorimetric methods provide an ability to quickly assess 

lycopene content but lack the ability to monitor nutritionally vital P-carotene levels and 

the important biosynthetic precursors phytoene and phytofluene. Traditional approaches 

to HPLC carotenoid analysis require substantial costs in time and materials. Through use 

of roto-evaporation these traditional approaches may result in the loss of some lycopene 

and the production of analytical artifacts. We show comparable results with the rapid 

method which avoids the use of roto-evaporation and partitioning steps. This method 

allows identification and quantification of the four major carotenoids present in most 

tomatoes. Our rapid HPLC method successfully bridges the existing analytical gap, 

providing a valuable tool for plant breeding and germplasm evaluation. 

We applied this method to the evaluation of a collection of tomato cultivars and 

genetic stocks which represent most of the high pigment or intense pigment genes. This 
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provides substantial insight that was not previously available. Although there have been 

numerous previous investigations into high pigment tomatoes, almost all previous 

investigations have included only hp-1 tomatoes. Few of these reports contain 

information on the lycopene precursors, phytoene and phytofluene. Our study reports 

carotenoid levels in tomatoes with hp-1, dg, Ip, hp-l/ogc and Afas well as heirloom black 

tomatoes and three processing cultivars. 

Undesirable pleiotropic effects of reduced plant growth, fruit size and yield are 

associated with the hp-1 and dg genes. One question facing tomato breeders desiring to 

improve carotenoid content is which, if any of the existing high pigment genes to use. 

Through direct comparison and the use of isogenic lines a potential framework has 

emerged. In our study, hp-l/ogc tomatoes had the highest lycopene levels without a 

significant change in P-carotene compared to the normal types. The hp-l/ogc lines had 

significantly less p-carotene than tomatoes with hp-1 alone. Lycopene levels in dg 

tomatoes were not as high as hp-1 and this response was somewhat unexpected as dg has 

a stronger high pigment phenotype (i.e. darker foliage and immature fruit). If the weak 

expressing dg 'Walter' is excluded from the analysis, there were no significant lycopene 

differences between hp-1 and dg. We did not have dg and hp-1 in the same genetic 

background so it is difficult to make that direct comparison. We did see the biggest shift 

in lycopene values with dg in the 'Manapal' background, which suggests that dg may 

have the potential to increase carotenoid values to a greater extent than hp-1 in a 

particular genetic background. Consequently dg and hp-1 are both seen as major genes 

for carotenoid improvement. The ogcgene can enhance the high lycopene levels 

conditioned by the high pigment genes but at the expense of P-carotene. 
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Carotenoid analysis of Ip tomatoes had not been previously reported. The 

intermediate carotenoid levels present in these lines is consistent with the reports of 

intermediate foliage and fruit color. These results indicate that Ip may contribute to 

carotenoid enhancement but not in a dramatic way. The tomato line with hp-l/Ip was not 

as carotenoid rich as hp-1 only lines. This is more likely due to genetic background than 

an Ip affect upon hp-1. 

Analysis of three processing cultivars highlights the value of the HPLC analysis. 

Substantially altered lycopene/beta carotene ratios were found for these cultivars, 

indicating that vitamin A values are lower than would be expected based on lycopene 

content. We also found higher phytoene and phytofluene levels in the processing types 

than other genotypes. These observations would not have been revealed by 

spectrophotometric or colormetric methods. Identification of genotypes with higher 

carotenoid potential is an advantage of a system which can identify precursors. An 

additional advantage of HPLC methods is the ability to analyze genotypes with non- 

traditional tomato carotenoid profiles such as those present in tomatoes with, green flesh 

(gf), tangerine (t), beta (B) and delta (del). 

We found the carotenoid levels in black heirloom tomatoes to be no higher than 

normal tomatoes. Since these tomatoes are consistent with the gfphenotype in which high 

carotenoid levels were reported by Palmieri et al. (1978) further analysis of tomatoes in 

which the presence of gfis known would be of value. Isogenic g/lines would provide the 

opportunity to assess the hypothesis stated here that gfmight reduce carotenoid levels. 

The analysis of carotenoid literature suggests a model for the regulation of 

tomato carotenoid biosynthesis in which lycopene accumulation is a function of phytoene 
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synthase (PSY) and phytoene desaturase (PDS) activity minus the activity of lycopene 

cyclase (LCYB). While our data do not contradict this model, the model is not sufficient 

to explain the lycopene variability observed in our studies. The high lycopene levels 

observed here with the high pigment genes are probably a function of higher chloroplast 

numbers or an increase in plastome DNA. Therefore carotenoid levels in these tomatoes 

are likely increased regardless of the regulatory mechanisms present within the 

carotenoid biosynthetic pathway. Certainly, high LCYB activity will deplete lycopene 

pools and this is observed in tomatoes with the B gene. However the lack of a consistent 

relationship between lycopene and P-carotene concentrations in most red fruited tomato 

cultivars we analyzed makes LCYB activity an unlikely candidate for primary control 

over lycopene accumulation. Likewise P -carotene feedback inhibition of carotenoid 

synthesis is not consistent with the data outside of isogenic crimson lines, and here the 

data are consistent but inconclusive. The data in our study are insufficient to assess the 

PSY and PDS activity. Phytoene and phytofluene levels can be viewed as being the result 

of PSY activity minus PDS activity. Consequently higher phytoene/phytofluene values 

are only an indication of possibly greater PSY activity. 

In many ways carotenoid levels in tomatoes can be viewed as a quantitative trait. 

There are single genes with major effects but substantial variation exists within the 

normal genotypes. An excellent example is seen here with the processing tomatoes 

assumed to be normal in their carotenoid biosynthetic genotype. The genetic basis for 

higher lycopene, phytoene and phytofluene values in these tomatoes is unclear but 

probably based on the additive effects of modifying genes. The percentage of pericarp 

tissue in these tomatoes may be driving this. Phytoene and phytofluene levels of pericarp 
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tissue have not been well studied. The differential in 1/bc ratios and carotenoid levels 

between locular and pericarp tissue suggests that study of enzyme activity and gene 

expression in these tissues may be insightful. 

Consequently, a framework emerges from this research that suggests that the 

heirloom black tomatoes and Af will not improve carotenoid content. Major effects are 

achieved with hp-1, ogc and dg and no dramatic difference was observed between dg and 

hp-1. It is likely that incorporation of the high pigment genes would be successful in 

increasing carotenoid content even in processing cultivars already possessing substantial 

lycopene content. The data presented here imply that recurrent selection for improved 

lycopene content is likely to be successful but care should be taken to avoid the erosion 

of vitamin A values during this process. Selection for vigor in high pigment lines is of the 

highest priority, as lower yields appear to be the biggest stumbling block to using these 

genes. 

The additional health benefits offered by high pigment genes in tomatoes are 

generally under-emphasized. Vitamin C levels are increased in isogenic lines 

approximately 70% by incorporation of the high pigment genes (Warm et al., 1985). This 

characteristic alone makes these genes worthy of further investigation. The measurement 

of quercetin levels 13 times higher in hp-1 tomatoes (Yen et al., 1997) also has nutritional 

implications. Quercetin is a strong antioxidant and has been implicated as an important 

chemoprotective agent (Kuhnau, 1976; Patil and Pike, 1995). However, quercetin, like 

many biologically active compounds, may also have undesirable biological activity. 

Quercetin has also been implicated as a potential mutagen in bacterial systems. 
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highlighting the importance of cooperation between plant and health scientists 

(Bjeldanes, 1977). 

The ability of the high pigment genes to affect the antioxidant capacity of 

tomatoes has not yet been reported. All available evidence suggests that there should be a 

substantial increase with the presence of these genes. Increasing the antioxidant activity 

may also be accomplished with genes that express anthocyanins in tomatoes. Assessment 

of antioxidant capacity in these high pigment and anthocyanin containing tomatoes is an 

area of future interest. 

While carotenoids in tomato fruit have been extensively studied this has not been 

the case with the rare occurrence of anthocyanins in tomato fruit. Segregation ratios are 

consistent with the anthocyanin fruit gene being a single dominant gene. There may be 

incomplete dominance as expression was substantially reduced in the heterozygous 

backcross populations. 

At present, anthocyanin concentrations are limited in Af fruit. Preliminary 

observations of F2 generation plants suggest that combinations of Af and hp-l may 

significantly enhance anthocyanin levels. While Af tomatoes appear to have some 

similarities (dark green foliage) to other phytochrome mutants they do not have enhanced 

carotenoid levels. Studies of Af tomatoes may also provide additional insight into 

phytochrome mediated anthocyanin biosynthesis. 

This work represents a preliminary investigation of the analysis and evaluation of 

pigment-rich tomato germplasm. Several significant areas of study are suggested from 

this work. Continued study and mapping of the dg is needed to determine its relationship 

to the better-characterized hp genes. The incorporation of hp-l and dg into one cultivar 
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and isogenic lines into the same background will provide better direct comparison of the 

two genes and may provide higher carotenoid levels in the hp-l/dg double mutant, if it 

can be identified. The assessment of antioxidant activity of high pigment tomatoes 

particularly in the isogenic series will provide estimates of the effect of high carotenoid 

levels. Continued assessment of ^/offers the unique opportunity to develop tomato 

cultivars rich in both water-soluble anthocyanins and lipid-soluble carotenoids. 

Incorporation of nutritional traits is not a silver bullet for disease prevention. 

However it is an opportunity to follow through on the promise of scientific 

understanding, the promise that an understanding of disease and genetics can translate 

into improvements in our food systems that benefit our health. 
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APPENDIX 1 ANOVA TABLE SHARED CULTIVARS. Tables for carotenoid 
responses (raw, logarithmic and square root transformed data) of cultivars VF145 Ip, 
LAI 996 Anthocyanin fruit, Walter dg and Ailsa Craig hp-1 in three trials. Cultivar x Trial 
is the parameter for the interaction between the cultivar and the trial. 

Mean 
Lycopene 

Mean Mean 

Source d.f. 
Square 
(Raw) Prob. 

Square 
(Log) Prob. 

Square 
(Sq rt) Prob. 

Total 37 
Cultivar 3 24.87 0.0001 ** 0.67 0.0001 ** 1.00 0.0001 ** 
Trial 2 20.30 0.0001 ** 0.64 0.0001 ** 0.88 0.0001 ** 
Cultivar x Trial 6 2.81 0.0356 * 0.13 0.0025 ** 0.15 0.0093 ** 
Error 26 1.04 0.03 0.04 

P-carotene 
Mean Mean Mean 

Source d.f. 
Square 
(Raw) Prob. 

Square 
(Log) Prob. 

Square 
(Sq rt) Prob. 

Total 37 
Cultivar 3 6.27 0.0001 ** 3.46 0.0001 ** 0.0001 ** 
Trial 2 0.11 0.2417 "s 0.08 0.1643 ns 0.0001 ** 
Cultivar x Trial 6 2.81 0.0006 ** 0.28 0.0003 ** 0.0093 ** 
Error 26 0.07 0.04 

Mean 
Phytofluene 

Mean Mean 

Source d.f. 
Square 
(Raw) Prob. 

Square 
(Log) Prob. 

Square 
(Sq rt) Prob. 

Total 37 
Cultivar 3 0.40 0.0593 ns 0.21 0.0467 * 0.07 0.0507 ns 

Trial 2 0.76 0.0110* 0.31 0.0215 * 0.12 0.0149 * 
Cultivar x Trial 6 0.14 0.4360 ns 0.04 0.7302 ns 0.01 0.5788 ns 

Error 26 0.14 0.02 0.07 

Mean 
Phytoene 

Mean Mean 

Source d.f. 
Square 
(Raw) Prob. 

Square 
(Log) Prob. 

Square 
(Sq rt) Prob. 

Total 37 
Cultivar 3 0.60 0.0300 ** 0.25 0.0601 ** 0.09 0.0366 * 
Trial 2 0.57 0.0529 ns 0.20 0.1293 ns 0.07 0.0762 ns 

Cultivar x Trial 6 0.36 0.0907 "s 0.12 0.2932 ns 0.05 0.1555 ns 

Error 26 0.17 0.09 0.03 
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APPENDIX 2 ANOVA TABLE SHARED 1999 CULTIVARS. Tables for carotenoid 
responses (raw, logarithmic and square root transformed data) of the 10 cultivars in the 
greenhouse and the field trials in 1999. GH/Out x Cultivar is the parameter for the 
interaction of environment (greenhouse or field) by cultivar. 

Mean 
Lycopene 

Mean Mean 

Source d.f. 
Square 
(Raw) Prob. 

Square 
(Log) Prob. 

Square 
(Sq rt) Prob. 

Total 59 
Cultivar 9 25.02 0.0001 ** 0.65 0.0001 ** 0.98 0.0001 ** 
GH/Out 1 5.53 0.0580 ns 0.24 0.0181 * 0.29 0.0278 * 
Cultivar x GH/Out 9 44.18 0.0042 ** 0.15 0.0014 ** 0.20 0.0018 ** 
Error 40 58.03 0.04 0.05 

Mean 
P-carotene 

Mean Mean 

Source d.f. 
Square 
(Raw) Prob. 

Square 
(Log) Prob. 

Square 
(Sq rt) Prob. 

Total 59 
Cultivar 9 2.41 0.0001 ** 1.96 0.0001 ** 0.51 0.0001 ** 
GH/Out 1 0.53 0.0036 ** 0.77 0.0001 ** 0.15 0.0005 ** 
Cultivar x GH/Out 9 1.96 0.0013 ** 0.18 0.0004 ** 0.04 0.0006 ** 
Error 40 2.23 0.04 0.01 

Mean 
Phytofluene 

Mean Mean 

Source d.f. 
Square 
(Raw) Prob. 

Square 
(Log) Prob. 

Square 
(Sq rt) Prob. 

Total 59 
Cultivar 9 1.34 0.0001 ** 0.46 0.0001 ** 0.19 0.0001 ** 
GH/Out 1 3.82 0.0001 ** 1.56 0.0001 ** 0.58 0.0001 ** 
Cultivar x GH/Out 9 0.27 0.0665 ns 0.08 0.4389 ns 0.03 0.2341 ns 

Error 40 0.14 0.08 0.02 

Mean 
Phytoene 

Mean Mean 

Source d.f. 
Square 
(Raw) Prob. 

Square 
(Log) Prob. 

Square 
(Sq rt) Prob. 

Total 59 
Cultivar 9 1.85 0.0001 ** 0.32 0.0001 ** 0.19 0.0001 * 
GH/Out 1 1.98 0.0046 ** 0.43 0.0101 ** 0.22 0.0065 ** 
Cultivar x GH/Out 9 0.41 0.0870 ns 0.06 0.4472 ns 0.04 0.2330 ns 

Error 40 0.22 0.06 0.03 
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APPENDIX 5 GREENHOUSE TRIAL 1999. Sample size, estimated carotenoid values (mg/lOOg fresh wt.) and 95% confidence 
intervals. 

Lycopene P-Carotene Phytofluene Phytoene 
n Lower Mean Upper Lower Mean Upper Lower Mean Upper Lower Mean Upper 

LA 3771 AilsaCraig/!/?-!, 4 8.63 9.94 11.24 1.14 1.36 1.58 0.93 1.26 1.58 1.24 1.67 2.10 
ogc 
LA 0279 Webb Special hp-\ 3 7.42 8.93 10.44 1.75 2.00 2.25 1.47 1.85 2.23 2.18 2.68 3.17 
LA3538 AilsaCraigV-1 4 6.97 8.28 9.58 2.00 2.22 2.44 1.06 1.38 1.71 1.70 2.13 2.56 
LA 2451 Manapalrfg 4 6.67 7.98 9.29 0.78 1.00 1.21 1.68 2.01 2.33 1.91 2.34 2.76 

LA 3179 Ailsa Craig ogc 4 6.23 7.54 8.85 0.43 0.65 0.87 0.88 1.21 1.54 1.34 1.77 2.20 
LA 3005 dg 4 5.38 6.69 7.99 0.78 1.00 1.22 1.42 1.74 2.07 1.78 2.21 2.64 
F1 hp x dg 5 4.79 5.96 7.13 0.61 0.81 1.00 1.27 1.56 1.85 1.66 2.05 2.43 
LA 2838 Ailsa Craig 4 4.50 5.81 7.12 1.63 1.85 2.07 0.54 0.87 1.19 1.09 1.52 1.95 

LA1563 VF145/p 3 3.93 5.44 6.95 1.30 1.55 1.80 0.76 1.14 1.51 1.43 1.92 2.42 
Heinz 8892 4 3.84 5.15 6.46 0.34 0.56 0.77 1.86 2.18 2.51 2.42 2.85 3.27 
LA \(>64hp-\,Ip 4 3.84 5.15 6.46 0.89 1.11 1.33 1.32 1.65 1.97 1.79 2.22 2.65 
Halley 3155 3 3.44 4.95 6.46 0.28 0.53 0.78 1.68 2.05 2.43 2.61 3.11 3.61 

Vermilion 3 3.11 4.62 6.13 0.54 0.79 1.05 1.12 1.49 1.87 1.56 2.05 2.55 
LA 1996/!/ 4 2.61 3.92 5.23 0.40 0.62 0.84 0.92 1.24 1.57 1.42 1.85 2.27 
LA 3011 Walter dg 4 2.32 3.63 4.94 0.48 0.70 0.91 1.13 1.45 1.78 1.47 1.90 2.33 
UC82B 5 2.36 3.53 4.70 0.16 0.36 0.56 0.75 1.04 1.33 1.29 1.68 2.06 

LA 3007 Manapal 3 1.56 3.07 4.58 0.42 0.67 0.93 0.77 1.15 1.52 1.27 1.76 2.26 
LA 3465 Walter 4 1.21 2.52 3.82 0.30 0.52 0.74 0.70 1.02 1.35 1.06 1.49 1.92 

4^ 
^1 


