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  Abstract   One hypothesis to account for the dramatic increase of infl ammatory driven 
diseases, such as cancer, cardiovascular disease, obesity, diabetes, and others, across 
the world is the coincidental displacement of fruits and vegetables in the diet with 
processed foods as populations in the developing world rapidly acculturate to a more 
affl uent lifestyle. Fruits are rich sources of antioxidant and anti-infl ammatory natural 
compounds that offset many of the biological events leading to the development of the 
above-mentioned chronic diseases. In this review, potentially cancer-protective phy-
tochemicals in fruits are reviewed to describe the research approaches, the range of 
chemistry and mechanisms seen in the study of the health benefi ts of fruit phytochem-
icals. Furthermore, given the rapid increase in research, public’s interest in the health 
benefi ts of food, and the government’s and food industry’s efforts to develop and 
promote healthy foods, fruit breeders have begun to investigate the feasibility of 
developing health-enhanced fruit cultivars. Thus far, there appears to be ample genetic 
variability within fruit crops to develop cultivars with higher levels of plant phy-
tochemicals, such as total phenolics, anthocyanins, and antioxidant activity. 
Nevertheless, selecting breeding targets is elusive as there is little information on 
which specifi c phytochemical or combination of phytochemicals and the levels 
needed to effectively enhance the health of the consuming public.  
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    1   Introduction 

 Chronic diseases are on the rise in the developing world. At the core of risk for 
diseases, such as cancer, heart disease, neurological disorders, obesity, and diabetes, 
is uncontrolled chronic infl ammation deep in the cells of the body. While infl ammation 
is a natural process of healing damage to the body, the genetic and biochemical 
machinery underpinning infl ammation is often corrupted, resulting in the prevalent 
chronic diseases we recognize today. 

 One recognized factor in the development of chronic disease is poor nutrition. 
And in an inverse way, the climb from undeveloped to developed nation status 
makes us come full circle from inadequate nutrition to super-adequate nutrition, 
both states that could be characterized as “poor.” To explain this conundrum, it is 
possible that populations may reach a state of affl uence, where they displace the 
fruit and vegetable portion of the diet with super-caloric foods, devoid of natural 
phytochemicals, that may have helped to offset chronic disease risk. With these 
natural guardians against oxidative damage and infl ammation, affl uent societies are 
now affl icted with epidemics of chronic infl ammatory-driven diseases. 

 Fruits and vegetables have always been considered a foundation of a healthy 
lifestyle and a healthy diet. Unfortunately, despite the solid research, government 
and health agency recommendations, and a population that is growing increasingly 
old, the public health message to eat more fruits and vegetables has fallen on deaf 
ears. In the USA, most Americans do not come close to the recommended consumption 
of fi ve to nine servings of fruits and vegetables per day (Pollack and Perez  2008 ; 
Wells and Buzby  2008  )  and this aversion begins in the teen and preteen years, a time 
when chronic disease risk may be set (Nanney et al.  2007 ; Cade et al.  2006  ) . 

 The intent of this chapter is to review the evidence for fruit consumption and 
health benefi ts with an emphasis on cancer and evaluate the potential of developing 
fruit cultivars with enhanced levels of benefi cial phytochemicals as an approach to 
increase the consumption of these useful compounds.  

    2   Phytochemicals and Cancer 

 The USA and many developed countries are experiencing an epidemic of diseases 
which may have chronic, unresolved infl ammation as their common etiology 
(Beaglehole et al.  2007  ) . Clearly, the impact of diet is seminal in establishing 
protection early in life from chronic disease, and the loss of dietary protectants, by 
circumstance or will, may now factor into the epidemic facing all societies. In the 
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last 40 years, a wealth of epidemiological data, gleaned from over 150 ecological, 
cohort, and case–control studies, has supported the notion that persistent dietary 
exposure to fruits and vegetables are salutary for health. While overall evidence is 
suggestive of protection, evidence for reduction in risk for only a few of the major 
cancers is considerable enough to be called protective. It should not be concluded 
that phytochemicals from frequent fruit and vegetable consumption are ineffective 
for other cancers, rather that there is at present insuffi cient data to warrant a conclusive 
protective effect. Table  2.1  lists some of the common sites of cancer and summarizes 
the available data regarding cancer protection. The conclusions are drawn by an 
expert panel commissioned by the World Cancer Research Fund/American Institute 
for Cancer Research in its updated review published in 2007.  

    2.1   Phytochemicals in Fruits 

 In the last 15 years of research, much of the protective effects for consumption of 
plant foods have been ascribed to the constituent phytochemicals resident in them 
(Newman and Cragg  2007  ) . In all fruits and vegetables, the major classes of phytochem-
icals consist broadly of carotenoids, fl avonoids, isofl avonoids, and phenolic acids 
(Pan et al.  2008  ) . Plant phenolics represent a structurally diverse superclass of com-
pounds possessing one or more aromatic rings, one or more hydroxyl groups, and 
additional moieties covering over 8,000 unique chemicals (Huang et al.  2010  ) . The 
fl avonoids represent over 4,000 compounds and are an extension of the phenolic 
group, but have at least two aromatic rings with a variety of additional structural 
elements. It is this class of natural compounds that have generated so much interest 
in the cancer prevention research and represents many of the active compounds in 
fruits. Many of the bioactive agents identifi ed from medicinal herbs and spices are 
members of this class of phytochemicals. Flavonoids can be further subdivided into 
fl avones, fl avonols, fl avonones, isofl avones, and anthocyanidins. The latter category 
is of intense interest. The anthocyanidins broadly account for the red-to-purple 

   Table 2.1    Human evidence for cancer prevention: Fruit consumption   

 Site of cancer  Types of study  Finding  Reference 

 Oropharyngeal  2 ECO, 1CO, 35 CC  Probably preventive  AICR  (  2007  )  
 Esophagus  7 ECO, 4 CO, 36 CC  Probably preventive  AICR  (  2007  )  
 Lung  7 ECO, 25 CO, 32 CC  Convincingly 

preventive 
 AICR  (  2007  )  

 Stomach  23 ECO, 16 CO, 51 CC  Probably preventive  AICR  (  2007  )  
 Pancreas  8 ECO, 6 CO, 6 CC  Not plausible  AICR  (  2007  )  
 Liver  1 CO, 5 CC  Not plausible  AICR  (  2007  )  
 Prostate  3ECO ,  28 CO, 18 CC  Inconsistent  Lewis et al.  (  2009  )  
 Breast  8 CO, 2CC  Inconsistent     Vainio and 

Weiderpass  (  2006  )  

  Abbreviations:  ECO  ecological studies,  CO  cohort studies,  CC  case–control studies  
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pigmenting of many commonly consumed fruits, especially in grapes, plums, cherries, 
and berries. In many tree fruits, the presence of anthocyanidins in most cultivars is 
typically concentrated in the skin, although most of these, such as apples, peaches, 
plums, and kiwis, have genotypes that contain anthocyanins in the fl esh as well 
(Vizzotto et al.  2007 ; Voltz et al.  2009 ; Jaeger and Harker  2005  ) .  

    2.2   Fruit Phytochemicals: Evidence for Health Benefi ts 

 Taken as whole, the production of fruits and vegetables has been robust with most 
of the growth in production in vegetables, rather than in fruit. Exports of fruit have 
grown, especially those from developing countries, and the industry has diversifi ed, 
ensuring (at least in some developed countries) not only a year-round supply of 
fresh fruit, but oversupply has led to the marketing of specialized fruits, such as 
those organically grown. This for a large part has been due to the public perception 
that organically grown is better for health maintenance (WHO  2005  ) . 

 Often, the fi rst type of evidence for health benefi ts of fruit consumption is drawn 
from  epidemiological  studies. Three types of studies are often conducted: those at 
the ecological level (comparing types of fruit and quantities across populations), the 
cohort level (comparing fruit consumption within a population that has been fol-
lowed for some time), and the case–control level (comparing fruit consumption in 
those with and without disease). Among tumor types, risk for cancers of the oral 
cavity, esophagus, and colorectum seems to be less when high amount of fruits and 
vegetables are in the diet. The evidence for protection is less than certain for cancers 
of the stomach, lung, breast, and prostate (Key  2011  ) . The overall risk for cancer 
has been examined in four large and well-conducted prospective studies. In two 
cohort studies, the Nurse’s Health Study and the Health Professionals’ Follow-up 
study, conducted by Harvard, no signifi cant reduction in overall risk was noted, 
although there was a trend to protection (Hung et al.  2004  ) . These studies were sup-
ported by the Japanese Public Health Center prospective study while the European-
based EPIC study found a signifi cant reduction in cancer risk for consumption of 
fruits and vegetables (Takachi et al.  2008 ; Buchner et al.  2011  ) . The US-based 
NIH-AARP Diet and Health Study found mixed results with more protection noted for 
vegetable consumption than fruits (George et al.  2009  ) . These types of studies are 
notoriously diffi cult to conduct and to interpret, and it may well be that certain types 
of cancers are more amenable to prevention by specifi c fruits or specifi c vegetables 
based upon their unique phytochemical signatures. Examples include some of the 
unique phytochemicals in green tea and the phytoestrogenic compounds in soy. 

 Basic research into the potential mechanisms by which fruits or vegetables pre-
vent cancer has unveiled an incredible variety of ways in which the cancer process 
can be interrupted. How does the process of identifying potential benefi ts of a par-
ticular fruit or vegetable begin? The customary protocol for this type of research 
originates with epidemiology. When a consumption pattern is associated with reduced 
risk for cancer, the usual fi rst step is to extract the fruit or vegetable in organic 
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solvents or by supercritical CO 
2
  for testing in in vitro assays to test whether the 

extracts have cytotoxicity toward human cancer cells. Ideally, these assays detect 
whether the parent extract kills tumor cells in a dose- and time-related manner. Also, 
ideally, it should include testing on normal human cells from the same organ, but 
there are many limitations as these are not available from human cells for many com-
mon sites of tumorigenesis. The next step is a process of discovery and employs the 
concept of structure–activity-guided fractionization. Essentially, the plant extract is 
further purifi ed leading to identity of specifi c classes or individual compounds for 
which the most robust anticancer activity is noted. Thus, a specifi c fruit can be 
extracted into specifi c fl avonoid fractions, yielding a specifi c chemical identifi ed 
through mass spectrometry. The identifi ed chemical may be the best of the extracted 
agents that shows robust cytotoxicity as well as other important anticancer features, 
such as being anti-infl ammatory, antiangiogenic, proapoptotic, or activating genes 
involved in cell regulation (Table  2.2 ). Often, cell culture studies are used to probe 
potential mechanisms by which phytochemicals prevent cancer growth or expansion.  

 After gathering data from in vitro systems, the next step is to evaluate the candi-
date-preventive phytochemicals in vivo in relevant  animal models  (Table  2.3 ) that 
replicate human    cancer. Animal models for cancer are usually developed in mice or 
rats, and can be carcinogen initiated or initiated by altering key genes that have been 
associated with common human cancers. Typically, animal carcinogenesis assays 
provide the phytochemical orally either mixed into rodent diet or given in the drink-
ing water. Sometimes, it is necessary to intragastrically intubate the animal with the 
test agent. In a preventive protocol, the animals are introduced to the test phy-
tochemical prior to or during the time of “initiation” while in a therapeutic protocol, 
the test agent is administered after the tumorigenic process has advanced. End points 
typically involve the measure of incidence of cancer in the animals, the tumor bur-
den and severity, as well as the measure of biological markers. One of the newest 
approaches to the testing of the anticancer capacity of a given phytochemical is to 
see if it may work additively or synergistically to aid and abet conventional cancer 
treatment. An added benefi t would be to observe an increased therapeutic index 
while offsetting or reducing the incidence of off-target toxicity, commonly referred 
to as the side effects of cancer therapy.    

    3   Phytochemicals and Other Chronic Diseases 

 The previous section examined the evidence, phytochemicals, mechanisms, and the 
experimental approaches involved to determine the effect of fruit phytochemicals 
on the development of cancer. For all diseases, the experimental approaches of 
epidemiological studies combined with in vitro animal models and human clinical 
trials are used to identify major risk factors and potential control strategies. Because 
there is increasing evidence that aberrant infl ammation lies at the molecular core 
of processes involved in more than just cancer, it is possible that fruit consump-
tion will have collateral benefi ts for prevention of heart disease, obesity, diabetes, 
Alzheimer’s disease, and other neurodegenerative diseases. 
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   Table 2.3    Effect of fruit phytochemicals in animal models of cancer   
 Organ  Animal model  Phytochemical  Result  Reference 

 Breast  7,12 DMBA 
rats 

 Grape seed extract  Reduction in tumor 
multiplicity 

 Kim et al.  (  2004  ) , Mehta 
and Lansky  (  2004  )  

 Pomegranate seed oil  Tumor reduction 
 Skin  DMBA, TPA 

mouse 
 Pomegranate seed 

oil (anthocyanins) 
 Chemopreventive  Adhami et al.  (  2009  ) , 

Hora et al.  (  2003  ) , 
Afaq et al.  (  2005  ) , 
Jang et al.  (  1997  ) , 
Zhao et al.  (  1999  )  

 Resveratrol 
 Grape seed powder 

 UV-induced 
mouse 

 Resveratrol  Chemopreventive  Aziz et al.  (  2005  )  

 Esophagus  NMBA F344
 rats 

 Resveratrol  Inhibits tumor 
multiplicity 

 Li et al.  (  2002  ) , Stoner 
et al.  (  2010  )  

 Acai, strawberries, 
wolfberry, noni 

 NMBA mice  Black raspberries  Limit cancer 
development 

 Stoner et al.  (  2008  ) , 
Chen et al.  (  2006  )  

 Colon  AOM rat  Black raspberries  Inhibit 
carcinogenesis 

 Harris et al.  (  2001  ) , Lala 
et al.  (  2006  ) , Gosse 
et al.  (  2005  ) , Kohno 
et al.  (  2004  )  

 Bilberry  Reduced ACF 
 Chokeberry  Promotes apoptosis 
 Grape  Chemopreventive 
 Apple procyanidins 
 Pomegranates 

 AOM, DMBA 
rat 

 Grape seed extract  Decreased ACF  Durak et al.  (  2005  )  

 1,2 DMH 
F344 rats 

 Resveratrol  Reduced colon 
tumors 

 Sengottuvelan et al. 
 (  2006  ) , Barth et al. 
 (  2005  )  

 Cloudy apple juice 
(procyanidins, 
pectin) 

 Decreased 
proliferation, 
ACF, DNA 
damage 

 APC Min 
mice 

 Black raspberries  Inhibit 
carcinogenesis 

 Duncan et al.  (  2009  ) , 
Rajakangas et al. 
 (  2008  )  

 White currants 
(anthocyanins) 

 Cheek  7,12 DMBA 
hamster 

 Black raspberries  Casto et al.  2002  

 Prostate  TRAMP 
model 

 Grape seed extract  Cell cycle arrest  Raina et al.  (  2007  ) , 
Konijeti et al.  (  2010  )  

 Tomatoes (lycopene)  Chemopreventive 
 Lung  B(a)P and 

NTCU mice 
 Pomegranate  Chemopreventive  Khan et al.  2007  

  Carcinogen key:  AOM  azoxymethane,  DMBA  dimethylbenzanthracene,  TPA  tetradecanoylphorbol 
acetate,  DMH  dimethylhydrazine,  NMBA  nitrosomethyl benzylamine,  B(a)P  benzo(a)pyrene, 
 NTCU n -nitroso-tris-chloroethylurea  



46 M.J. Wargovich et al.

    3.1   Tunneling Down: An Example of a Phytochemical Class 
with Promise for Prevention of Disease: Anthocyanins 

 With the large array of fruits and the added numbers of benefi cial phytochemicals 
they contain, determining which whole fruit, compound, or extract is the most 
benefi cial for a given modality can be exhausting. We have already discussed 
epidemiological evidence as well as some basic research involving benefi ts from fruits. 
Here, we focus on the class of fruits rich in anthocyanins, a class of phytochemicals 
which have been heavily studied, and the results in disease prevention have been 
promising (Hung et al.  2004 ; Neto  2007 ; Shukitt-Hale et al.  2008 ; Rao and Snyder 
 2010 ; Kim et al.  2004 ; Afaq et al.  2005 ; Jang et al.  1997 ; Lala et al.  2006 ; Larsson 
et al.  2008 ; Pan et al.  2008 ; Johnson  2007 ; Renaud and de Lorgeril  1992 ; Chou et al. 
 2001 ; Freedman et al.  2001 ; Sautebin et al.  2004 ; Ilbey et al.  2009 ; Kim et al.  2008  ) . 
Anthocyanins are primarily responsible for the red, blue, and purple colors of fruits 
and over 400 individual compounds have been identifi ed (Mazza and Miniati  1993  ) . 
The average daily intake of anthocyanins is estimated to be 12.5 mg/day/person in 
the USA (NHANES 2001–2002). The amount and type of anthocyanin vary for different 
fruits, but for our purposes we focus on total anthocyanins. For instance, red grapes 
have 42.7 mg while concord grapes have 192 mg of total aglycone anthocyanins 
(mg/100 g fresh wt) (Wu et al. 1993). For berries like black, blue, cran, and raspberries, 
the total aglycone anthocyanin levels are 353, 529, 133, and 116 mg (mg/100 g 
fresh wt), respectively (Wu et al.  2006 )   . Pomegranate juice has 429.9 mg/l total 
anthocyanins (Orak  2009  ) , whereas the acai berry has been shown to contain 
3.1919 mg/g dry wt total anthocyanins (Schauss et al.  2006  ) . Despite these varying 
anthocyanin levels benefi cial disease-preventative properties have been reported in 
all of these fruits. 

 Grapes and other small fruits are the most commonly known anthocyanin-rich 
fruits. From red and concord grapes to wine to blueberries and raspberries, most 
people have consumed one or more of these in their diet. For instance, the “French 
Paradox,” fi rst mentioned in 1992, is related to relatively low risk of cardiovascular 
disease (CVD) in the French despite a diet rich in saturated fats (a risk factor com-
ponent of CVD (Renaud and de Lorgeril  1992  ) . Years later, evidence still supports 
that moderate consumption of red wine (one to two drinks per day) contributes 
benefi cial cardiovascular effects in most populations (Lippi et al.  2010  ) . Is this true 
for wine’s predecessors, the grape? Yes. Grapes have benefi cial preventative prop-
erties too (Table  2.4 ). Despite the lack of alcohol (an active component in wine), 
compounds from red and concord grapes displayed numerous preventative effects. 
Extracts from grapes have been shown to improve cardiovascular health through 
reduction in cellular oxidation (Bertelli and Das  2009 ; Rice-Evans et al.  1996  )  by 
enhancing nitric oxide release (Freedman et al.  2001  )  and inhibiting some cholesterol 
intake (Leifert and Abeywardena  2008  ) . In addition to the heart, grapes have been 
implicated in improving motor and memory function as well as improving mood 
(Shukitt-Hale et al.  2006 ; Krikorian et al.  2010  ) . These are just a few of the human 
health-related benefi ts of grape consumption.  
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 Much like grapes, berries are rich in anthocyanins (Mazza and Miniati  1993 ; Wu 
et al.  2006  ) . Almost everyone is familiar with the effects cranberries have on urinary 
tract infections. This is due to the bacterial antiadhesion properties found within the 
anthocyanin profi le of cranberries (Gupta et al.  2007 ; Howell  2007  ) . Other berries, 
like blueberries, have disease prevention properties that differ from cranberries. 
Blueberries exhibit antidiabetic properties in in vitro assay, such as insulin-like 

   Table 2.4    Disease prevention by anthocyanin-rich fruits   

 Selected fruit  Selected diseases  Preventative properties  Reference 

 Grape  Cardiovascular 
disease (CVD) 

 Antioxidation  Bertelli and Das  (  2009  )  

 Red  Brain degeneration 
(CVD) 

 Inhibits cholesterol uptake 
and 5-LOX activity 

 Leifert and Abeywardena 
 (  2008  )  

 Concord  Dementia  Protects against decrease 
in synaptic protein 
function 

 Sun et al.  (  1999  )  

 Reduces LDL oxidation  Rice-Evans et al.  (  1996  )  
 Endothelial function 

improvement 
 Chou et al.  (  2001  )  

 Enhances nitric oxide 
release 

 Freedman et al.  (  2001  )  

 Increases dopamine 
release and motor 
function 

 Shukitt-Hale et al.  (  2006  )  

 Improves memory 
function 

 Krikorian et al.  (  2010  )  

 Berries  Age-related cognitive 
decrease 

 Increase in working and 
short-term memory 

 Shukitt-Hale et al.  (  2009  )  

 Blackberry  Endotoxic shock  Reduced iNOS and COX 
activity 

 Sautebin et al.  (  2004  )  

 Blueberry  Diabetes  Insulin-like active 
principles and 
protection against 
glucose toxicity 

 Martineau et al.  (  2006  )  

 Cranberry  Urinary tract 
infections 

 Bacterial antiadhesion  Gupta et al.  (  2007  ) , 
Howell  (  2007  )  

 Pomegranate 
juice 

 Prostate cancer  Decreases PSA doubling 
time, decreases cell 
proliferation, and 
increases apoptosis 

 Pantuck et al.  (  2006  )  

 Renal tubular cell 
injury 

 Reduces oxalate crystal 
formation 

 Ilbey et al.  (  2009  )  

 Osteoarthritis  Decrease in cell 
proliferation and 
infl ammatory cells in 
synovial fl uid 

 Hadipour-Jahromy and 
Mozaffari-Kermani 
 (  2010  )  

 Muscadine grape  Microbial infection  Antimicrobial activity  Kim et al.  (  2008,   2010  )  
 Prostate cancer  Chemopreventative agent  God et al.  (  2007  ) , 

Hudson et al.  (  2007  )  
 Acai  Infl ammation  Antioxidant  Schauss et al.  (  2006  )  
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active properties, to protect against toxicity from glucose (Martineau et al.  2006  ) . 
These two are not the only berries with anthocyanin-mediated health benefi ts. 
Blackberries have been reported to increase working and short-term memories 
which both play roles in age-related cognitive impairment (Shukitt-Hale et al.  2009  ) . 
These berries can also reduce harmful effects from endotoxic shock (Sautebin et al. 
 2004  ) . These are numerous other berries with high anthocyanin levels and reported 
human health benefi ts. 

 The historical-, clinical-, and media-driven reports of the health benefi ts of 
grapes and berries has led to the emergence of pomegranates, another fruit high in 
anthocyanins, as another fruit promoted for its health benefi ts (Wu et al.  2006  ) . This 
promotion has led to a tripling of pomegranate plantings in California from 2002 to 
2007 (USDA 2007). Research has shown that pomegranates are benefi cial to pros-
tate cancer prevention (Pantuck et al.  2006  ) , can slow the symptoms of osteoarthri-
tis (Hadipour-Jahromy and Mozaffari-Kermani  2010  ) , and can reduce oxalate 
crystal formation in renal cells (Ilbey et al.  2009  ) . Much like the grapes and berries, 
the pomegranate juice offers an easy enjoyable delivery system for the humans to 
ingest healthy anthocyanin compounds. 

 Muscadine grapes are common in the southeastern USA due to their ability to 
handle the humid summers and warmer winters (Olien  1990  ) . They are red to purple 
in color like other grapes; however, they have higher antioxidant capacity than table 
grapes. This is due to a different anthocyanin profi le, one similar to blackberries and 
raspberries (Rommel and Wrolstad  1993  ) . Muscadine extracts and powders have an 
effect against microbial infection (Kim et al.  2008,   2010  )  and are potential chemo-
preventative agents in prostate cancer (God et al.  2007 ; Hudson et al.  2007  ) . 

 Grapes and berries are not the only anthocyanin-rich fruits around; they are just 
the most well-known and, for the most part, well-studied. Other temperate fruit 
crops, such as apples, peach, plum, kiwi, and others, although typically do not have 
red fl esh, have the potential to develop red-fl eshed cultivars. In addition, exotic 
crops, such as acai berry, are starting to gain notoriety as a superfruit. The fi rst 
research on acai focused on the remarkable antioxidant potential of acai berries and 
their impact of infl ammation reduction (Schauss et al.  2006  ) . Current research is 
focused on studying the health benefi ts of acai in animal models (Stoner et al.  2010 ; 
de Souza et al.  2010  ) . As the benefi cial effects with animal models become well-
documented, hopefully the research will expand to human trials. Other fruits of 
interest are the pitanga ( Eugenia unifl ora  L.) which has long been utilized in tradi-
tional Brazilian medicine to treat diarrhea (Brandelli et al.  2009  ) . The more under-
standing of traditional medicine from plants to practice yields even more fruits with 
health benefi ts. Researchers making inroads into western Africa, Colombia, and 
other countries expand the knowledge of anthocyanin-rich fruits. 

 From this brief highlight of anthocyanin-rich fruits, it can be concluded that their 
health impact is widespread and varied. Previous sections have focused on specifi c 
cellular processes and epidemiological evidence. Here, we have shown how one 
class of bioactive compounds and fruits rich in anthocyanins are a cornerstone in 
understanding how specifi c dietary compounds can impact a myriad of maladies 
from heart disease and cancer to microbial infections. Research continues to show 
that fruit and vegetable consumption is benefi cial to improved health. This is due to, 
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in part, anthocyanins and the increased protection they provide along with other 
bioactive compounds in fruits.   

    4   Genetic Variation Within Fruit Crops 

    4.1   Trend in Fruit Breeding 

 Fruit breeders need to anticipate the future as the cultivars they begin to develop 
now will not enter production for at least 10 years and frequently longer. Their 
objectives need to refl ect the desires of the market (Byrne  2005  ) . The previous section 
of this chapter has asserted that fruit phytochemicals affect the health of the people 
that consume them. Most of the studies have dealt with one cultivar and/or focused 
on a few chemical components of the phytochemicals available in the fruit. Thus, it 
has been clearly shown that there are differences among crops and that there is 
strong evidence that phytochemicals from these crops have protective properties 
against various chronic diseases, such as cancer and cardiovascular disease. 

 This information has been widely publicized and has created a proliferation of 
superfruits which are touted for their high level of antioxidants. These would include 
fruits, such as blueberries, pomegranates, cranberries, plums, acai, and others. This 
marketing approach has been effective in promoting the increased consumption of 
blueberries and pomegranates. The consumer makes the connection between food 
and health as the vast majority of consumers surveyed indicate that they take health 
into account when choosing food to purchase. This heightened awareness of the 
health benefi ts of food has increased the food industry’s efforts in the development 
of foods with health benefi ts (Sloan  2006,   2008 ; Dillard and German  2000  ) . 

 Since the 1990s, the US Government has been working toward convincing 
people to consume three to four portions or two cups of fruit a day, but still the aver-
age fruit consumption is only about half this recommendation (Pollack and Perez 
 2008 ; Wells and Buzby  2008  ) . This presents an opportunity to fruit breeders. Since 
the amount of fruit consumed has not increased, the other approach would be to 
enhance the health benefi ts of the fruits that are consumed. As it has been seen with 
the health-oriented marketing of superfruits (i.e., pomegranate, blueberries), it is 
possible to increase the consumption of specifi c fruits by touting their high antioxi-
dant capacity. The next step of this process would be to develop health-enhanced 
cultivars with a better phytochemical mix for a given crop.  

    4.2   Phytochemical Profi les Among Crops 

 The phytochemical profi le of various crops and even their parts (peel versus fl esh) 
also differs dramatically (Table  2.5 ). In apples, peaches, and plums, the peel is 6–9% 
of the fruit fresh weight, but because it contains from two to about fi ve times the 
concentration of phenolics than the fl esh, the peel is an important source of phenolics. 
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The peel can commonly contain 20–40% of the total phenolics and a major portion 
of the antioxidant capacity of these large fruited crops (Cevallos-Casals et al.  2006 ; 
Drogoudi et al.  2008 ;    Lata et al.  2009 ; Khanizadeh et al.  2008 ; Tomas-Barberan 
et al.  2001  ) . A similar situation exists in small fruits (blueberry, blackberry, raspberry) 
as seen in the negative correlation between fruit size and total phenolics and antioxi-
dant activity. Although this effect is signifi cant, when the data is adjusted for size, 
there is still abundant genetic variability for the total phenolic content in the fl esh 
(Connor et al.  2002b,   c,   2005a,   b  ) .  

 Among the cultivars of apple, peaches, plums, and blueberries surveyed, the 
predominance of the various chemical groups varies. All of these fruits have 
hydroxycinnamic acids as a predominant phenolic among their phytochemical mix. 
Apple, peach, and plum tend to be high in procyanidins and low in anthocyanins, 
whereas blueberries are the reverse. Apple is the only fruit of these that contain 
dihydrochalcones. Thus, the mix of phytochemicals within each crop varies from 
others which emphasizes the importance of the recommendation of eating a diversity 
of fruits to maintain good health. 

 This observation can be taken one step further to look at the composition of the 
specifi c compounds within each subclass in each crop. For example, the anthocya-
nins found in peach are mainly cyanidin 3-glucoside and cyanidin 3-rutinoside 
(Tomas-Barberan et al.  2001  ) , whereas blueberries contain various forms (mainly 
3-galactoside, 3- glucoside, and 3-arabinoside) of delphinidin, petunidin, cyanidin, 
and malvidin (Zheng and Wang  2003  ) . This is frequently the situation within other 
classes of phytochemicals between the various crops. 

 The development of health-enhanced fruit cultivars requires that there is genetic 
variation for the trait within the crop with which the breeder is working. From a 
breeding perspective, the next step is to determine if the crop has the genetic variability 
needed to develop health-enhanced cultivars. Although there are hundreds of phytochem-
icals found in fruits, most of the literature is focused on the antioxidant bioactivity 
and the concentration of total phenolics and anthocyanins of fruit crops.  

    4.3   Antioxidants 

 The consumption of high levels of antioxidants is promoted as being benefi cial to one’s 
long-term health by reducing general oxidative stress within the body. Consequently, 
there has been interest in exploring the levels of antioxidants in fruits both among crops 
and more recently among cultivars and breeding materials within a crop (Tables  2.6 – 2.8 ). 
These studies focus on a few classes of compounds with the most frequent being 
vitamin C, carotenoids, total phenolics, and anthocyanins with a couple of studies 
looking at the levels of various phenolic compounds among cultivars.    

 Correlation studies among these various phytochemicals and antioxidant activity 
have consistently shown that among a range of crops total phenolics and, in berries 
such as blueberries and blackberries, anthocyanins are well-correlated with antioxi-
dant activity, whereas carotenoids and vitamin C contribute little to the antioxidant 
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   Table 2.6    Antioxidant activity among cultivars within selected fruit crops   

 Crop  Genotypes  Number 
 Range of AOA  m g 
Trolox/100 g FW  Reference 

 Peach/
nectarine 

 California cultivars  20  46–1,006 (fl esh) 
(DPPH) 

 Gil et al.  (  2002  )  

 230–1,789 (peel) 
(DPPH) 

 Red-fl eshed peaches  8  440–1,784 (DPPH)  Cevallos-Casals 
et al.  (  2006  )  

 White-fl eshed 
peaches 

 4  540–1,096 (DPPH)  Vizzotto et al. 
 (  2007  )  

 Yellow-fl eshed 
peaches 

 6  437–1,128 (DPPH)  Vizzotto et al. 
 (  2007  )  

 Red-fl eshed peaches  9  2,787–13,505 (DPPH)  Vizzotto et al. 
 (  2007  )  

 Segregating progeny  218  227–630 (DPPH)  Cantín et al.  (  2009  )  
 California cultivars  20  350–2,250 (DPPH)  Byrne et al.  (  2009  )  

 Japanese 
plum 

 California cultivars 
and breeding 
selections 

 45  1,311–6,471 (DPPH)  Vizzotto et al. 
 (  2007  )  

 Red-fl esh plums  14  1,254–3,244 (DPPH)  Cevallos-Casals 
et al.  (  2006  )  

 California cultivars  5  205–518 (fl esh) (DPPH)  Gil et al.  (  2002  )  
 701–1,314 (peel) (DPPH) 

 California cultivars  6  2,300–8,600 (DPPH)  Byrne et al.  (  2009  )  
 Blueberries  High-bush cultivars  6  1,700–3,701 (ORAC)  Prior et al.  (  1998  )  

 Rabbiteye cultivars  4  1,390–2,550 (ORAC)  Prior et al.  (  1998  )  
 V ashei, rabbiteye 

cultivar and 
selections 

 4  11,100–13,000 (ORAC)  Moyer et al.  (  2002  )  

 High-bush cultivars 
and selections 

 15  1,900–9,600 (ORAC)  Moyer et al.  (  2002  )  

 High-bush cultivars  80  332–582 (ORAC)  Kalt et al.  (  2001  )  
 Low-bush cultivars  135  515–901 (ORAC)  Kalt et al.  (  2001  )  
 High-bush cultivars  4  379–549 (DPPH)  Giovanelli and 

Buratti  (  2009  )  
 2,130–2,640 (FRAP) 

 High-bush, 
low-bush 
cultivars 

 39  Giongo et al.  (  2006  )  

 High-bush and 
hybrid, rabbiteye 
cultivars 

 87  46–311 (ORAC)     Elhenfeldt et al. 
 (  2001 ) 

 Breeding materials  52  500–6,300 (MeLO)  Connor et al. 
 (  2002b  )  

 High-bush cultivars  9  2,500–4,300 (MeLO)  Connor et al. 
 (  2002a  )  

 High-bush cultivars  11  2,000–7,900 (FRAP)  Beccaro et al. 
 (  2006  )  

(continued)
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Table 2.6 (continued)

 Crop  Genotypes  Number 
 Range of AOA  m g 
Trolox/100 g FW  Reference 

 High-bush cultivars  19  2,780–5,060 (FRAP)  Remberg et al. 
 (  2007  )  

 Apples  Cider cultivars and 
selection 

 8  Peel: 175–452 (FRAP, 
ASCE) 

 Khanizadeh 
et al.  (  2008  )  

 Flesh: 32–125 (FRAP, 
ASCE) 

 Cultivars  6  Fruit: 335–739 (ABTS)  Vieira et al.  (  2009  )  
 Cultivars  11  Peel: 1225–4145 (ABTS)  Vieira et al.  (  2011  )  

 Peel: 1004–3878 (DPPH) 
 Peel: 521–1161 (FRAP) 
 Flesh: 380–961 (ABTS) 
 Flesh: 346–891 (DPPH) 
 Flesh: 140–262 (FRAP) 

  2,2 ¢ -azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 1,1-diphenyl-2-picrylhydrazyl 
(DPPH) measure the scavenging of free radicals, ORAC measures the oxygen radical absorption 
capacity using a biologically relevant radical source, FRAP measures the ferric reducing power, 
MeLO measures the inhibition of peroxyl radical-induced oxidation of linoleic acid. ASCE, mea-
sured in ascorbic acid equivalents instead of Trolox equivalents  

capacity of the fruit (Vizzotto et al.  2007 ; Cevallos-Casals et al.  2006 ;    Kalt et al. 
 2001 ; Prior et al.  1998 ; Giovanelli and Buratti  2009 ; Connor et al.  2002a ; Henriquez 
et al.  2009 ; Beccaro et al.  2006 ; Lee et al.  2003  ) . 

 Antioxidant activity among genotypes has been reported with peach, plum, apple, 
and blueberry (Table  2.6 ) using various in vitro methods on phenolic extracts of the 
fruit. The most commonly used assays are the aqueous-based assays, such as 
2,2    ¢    -azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 1,1-diphenyl-2-
picrylhydrazyl (DPPH) which measure the scavenging of free radicals, ORAC which 
measures the oxygen radical absorption capacity using a biologically relevant radical 
source, and FRAP which measures the ferric reducing power of the extract. Less 
frequently, MeLO which measures the inhibition of peroxyl radical-induced oxidation 
of linoleic acid is used. Several studies with fruit crops have shown that these various 
methods were correlated among themselves (   Thaipong et al.  2006 ;    Connor et al. 
 2002a ,  b ) and correlated similarly with total phenolics and other phytochemical 
components being studied (Vieira et al.  2011 ; Wojdylo et al.  2008  ) . 

 For apple, peach, plum, and blueberry, there is a wide range in measured antioxi-
dant capacity irrespective of the methodology used (Table  2.6 ), total phenolics 
(Table  2.7 ), and anthocyanins (Table  2.8 ). Although among commercial cultivars 
the differences were signifi cant, in some studies that examined breeding materials 
and other noncommercial germplasm, the range of antioxidant capacity, total phenolics, 
and/or anthocyanins measured were greatly enlarged (Vizzotto et al.  2007 ; Cevallos-
Casals et al.  2006 ; Moyer et al.  2002 ; Conner et al.  2002b  ) . Thus, it is clear that 
there is variation among genotypes within crops. Currently, there are genotypes 
within the commercial cultivar mix that have higher levels of antioxidants that could 
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   Table 2.7    Total phenolics among cultivars within selected fruit crops   

 Crop  Genotypes  Number 
 Range of phenolics 
mg/100 g FW  Reference 

 Peach/
nectarine 

 California cultivars  20  14–111 (CGA)  Gil et al.  (  2002  )  

 Processing cultivars  8  48–80 (CGA)  Chang et al.  (  2000  )  
 Red-fl eshed peaches  8  100–448 (CGA)  Cevallos-Casals 

et al.  (  2006  )  
 White-, yellow-, 

red-fl eshed peaches 
 19  137–1,260 (CGA)  Vizzotto et al. 

 (  2007  )  
 Yellow peach, nectarines, 

white nectarine 
 13  37–73 (GAE)  Vaio et al. (2008) 

 Commercial cultivars  11  14–50 (GAE)  Taravini et al. 
(2008) 

 Segregating progeny  218  13–71 (GAE)  Cantín et al.  (  2009  )  
 Japanese 

plum 
 California cultivars and 

breeding selections 
 45  182–898 (CGA)  Vizzotto et al. 

 (  2007  )  
 Red-fl esh plums  14  298–563 (CGA)  Cevallos-Casals 

et al.  (  2006  )  
 California cultivars  5  42–109 (CGA)  Gil et al.  (  2002  )  

 Blueberries  High-bush cultivars  6  181–391 (GAE)  Prior et al.  (  1998  )  
 Rabbiteye cultivars  4  230–457 (GAE)  Prior et al.  (  1998  )  
 V ashei, rabbiteye 

cultivar and selections 
 4  717–961 (GAE)  Moyer et al.  (  2002  )  

 High-bush cultivars 
and selections 

 15  171–868 (GAE)  Moyer et al.  (  2002  )  

 High-bush cultivars  80  165–216 (GAE)  Kalt et al.  (  2001  )  
 Low-bush cultivars  135  346–412 (GAE)  Kalt et al.  (  2001  )  
 Store bought blueberries  5  292–672 (CGA)  Cevallos-Casals 

et al. (2003) 
 High-bush cultivars  4  251–310 (GAE)  Giovanella and 

Buratti ( 2009 ) 
 High-bush, low-bush 

cultivars 
 39  187–495 (catechin)  Giongo et al.  (  2006  )  

 High-bush and hybrid, 
rabbiteye cultivars 

 87  25–199 (GAE)  Ehlenfedt et al. (2003) 

 Breeding materials  52  150–945 (CGA)  Connor et al.  (  2002b  )  
 High-bush cultivars  9  401–604 (CGA)  Connor et al.  (  2002a  )  
 High-bush cultivars  11  166–459 (GAE)  Beccaro et al.  (  2006  )  

 Apples  Cultivars  5  170–212 (GAE)  Henriquez et al. 
 (  2009  )  

 Cider cultivars and 
selection 

 8  Peel: 101–214 (GAE)  Khanizadeh et al. 
 (  2008  )  

 Flesh: 23–52 (GAE) 
 Cultivars  10  Flesh: 37–90 (HPLC, 

epicatechin) 
 McGhie et al.  (  2005  )  

 Cultivars  56  Peel: 48–235 (GAE)  Lata et al.  (  2005  )  
 Cultivars  6  105–270 (GAE)  Vieira et al.  (  2009  )  

(continued)
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 Crop  Genotypes  Number 
 Range of phenolics 
mg/100 g FW  Reference 

 Cultivars  11  Peel: 304–713 (GAE)  Vieira et al.  (  2011  )  
 Flesh: 128–212 

(GAE) 
 Cultivars  8  102–235 (GAE)  Tsao et al.  (  2003  )  
 Cultivars  4  Peel: 309–589 

(GAE) 
 Wolfe et al.  (  2003  )  

 Flesh: 75–103 (GAE) 
 Fruit: 119–159 (GAE) 

  Total phenolics expressed as equivalents of chlorogenic acid (CGA), gallic acid (GAE), catechin, 
or epicatechin  

Table 2.7 (continued)

   Table 2.8    Total anthocyanins among cultivars within selected fruit crops   

 Crop  Genotypes  Number 
 Range of phenolics 
mg C3G/100 g FW  Reference 

 Peach/
nectarine 

 California cultivars  20  Flesh: 0–23  Tomas-Barberan 
et al.  (  2001  )  

 Peel: 34–273 
 Red-fl eshed peaches  8  1–36  Cevallos-Casals 

et al.  (  2006  )  
 White-, yellow-, 

red-fl eshed peaches 
 19  1–266  Vizzotto et al. 

 (  2007  )  
 Segregating progeny  218  0.1–31  Cantín et al.  (  2009  )  
 California cultivars  20  0.5–7  Byrne et al.  (  2009  )  

 Japanese 
plum 

 California cultivars and 
breeding selections 

 45  2–611  Vizzotto et al. 
 (  2007  )  

 Red-fl esh plums  14  25–175  Cevallos-Casals 
et al.  (  2006  )  

 California cultivars  5  Flesh: 0–28 (C3R)  Tomas-Berbaran 
et al. ( 2001 ) 

 Peel: 129–1,615 
(C3R) 

 California cultivars  6  15–105  Byrne et al.  (  2009  )  
 Blueberries  High-bush cultivars  6  93–235  Prior et al.  (  1998  )  

 Rabbiteye cultivars  4  61–187  Prior et al.  (  1998  )  
 V ashei, rabbiteye cultivar 

and selections 
 4  242–515  Moyer et al.  (  2002  )  

 High-bush cultivars and 
selections 

 15  73–430  Moyer et al.  (  2002  )  

 High-bush cultivars  80  93–148  Kalt et al.  (  2001  )  
 Low-bush cultivars  135  127–210  Kalt et al.  (  2001  )  
 Store bought blueberries  5  138–385     Cevallos-Casals 

and Cisneros-
Zevallos  (  2003  )  

 High-bush cultivars  4  92–129  Giovanella and 
Buratti ( 2009 ) 

 High-bush, low-bush 
cultivars 

 39  95–445  Giongo et al. 
 (  2006  )  

(continued)
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Table 2.8 (continued)

 Crop  Genotypes  Number 
 Range of phenolics 
mg C3G/100 g FW  Reference 

 High-bush and hybrid, 
rabbiteye cultivars 

 87  89–331  Ehlenfedt et al. 
(2003) 

 Breeding materials  52  1–428  Connor et al. 
 (  2002b  )  

 High-bush cultivars  9  105–236  Connor et al. 
 (  2002a  )  

 High-bush cultivars  11  30–231  Beccaro et al. 
 (  2006  )  

 Apples  Cider cultivars and 
selection 

 8  Peel: 0–29  Khanizadeh et al. 
 (  2008  )  

 Flesh: 0 
 Cultivars  10  Fruit: 0–3.7  McGhie et al. 

 (  2005  )  
 Cultivars  56  Peel: 1–56  Lata et al.  (  2005  )  
 Cultivars  6  Peel: 5–42 

(C3Gal) 
 Vieira et al.  (  2009  )  

 Cultivars  11  Peel: 27–117 
(C3Gal) 

 Vieira et al.  (  2011  )  

 Cultivars  8  Peel: 4–21  Tsao et al.  (  2003  )  
 Cultivars  4   Peel: 2–27  Wolfe et al.  (  2003  )  

  Anthocyanins measured as equivalents of cyanidin 3-glucoside (C3G), except for plums in Tomas-
Barberan et al.  2001 , who used equivalents of cyanidin 3-rutinoside (C3R), and on apples in Vieira 
et al.  2009,   2011 , who used cyanidin 3-galactoside (C3Gal)  

be promoted as such and this type of marketing has already been initiated. 
Furthermore, in the case of peaches, plums, and blueberries, there are also geno-
types outside the commercial mix of cultivars that have even higher levels of anti-
oxidants than commercial germplasm indicating the possibility of increasing the 
levels even more. 

 Beyond examining the variation in general antioxidant activity or levels of the major 
classes of anitoxidants (total phenolics and anthocyanins), there have been studies 
examining the ability of genotypes to inhibit proliferation of cancer cells, inhibition of 
LDL oxidation and other bioactivities in strawberries (Meyers et al.  2003  ) , apples 
(Yoshizawa et al.  2005 ; Wolfe et al.  2003 ; Thompson et al.  2009  ) , blueberries (   Yi et al. 
 2005 ), peaches, plums (   Chang et al.  2000 ; Byrne et al.  2009  ) , and other    fruits. These 
studies have shown that, as was seen with antioxidant activity and the levels of phy-
tochemicals, genotypes within a crop differed in their bioactivity toward cancer growth 
or CVD development as measured by various in vitro assays. Another crucial observa-
tion is that these various bioactivites are not consistently correlated with antioxidant 
activity, total phenolics, or total anthocyanin content    (Byrne et al.  2009 ; Sun et al.  2002 ; 
Liu  2004 ;    Liu  2003 ; Meyers et al.  2003  ) . This does not indicate that antioxidant activity 
is not important in preventing these chronic diseases, but rather that there are other 
mechanisms by which these diseases are regulated and that the phytochemicals within 
a fruit work both additively and synergistically to affect disease development (   Liu et al. 
 2005a ,  b  ) .   
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    5   Breeding for Enhanced Phytochemical Levels 

 Many of the publications that report variation in antioxidants or bioactivities among 
genotypes within a crop mention that breeding for enhanced health properties is a 
goal of the breeding program (Vizzotto et al.  2007 ; Cantín et al.  2009 ; Connor et al. 
 2002a,   2005b,   c ; Vorsa and Polashock  2005 ; McDougall et al.  2007 ; Moyer et al. 
 2002 ;    Kappel  2008 ; Khanizadeh et al.  2009  ) . Nevertheless, it is not clear how much 
work is ongoing in the breeding of health-enhanced fruits as a breeder always has 
many competing objectives to balance. For a cultivar to be successful, it must be 
productive for the growers and produce high-quality fruit or it will not sell well. 
Both these traits are complex and are in turn divided into dozens of well-defi ned 
traits that the breeder selects for or against. One thing that is clear from various 
surveys is that whatever health-enhanced cultivar released also has to taste good 
(Sloan  2008 ; Byrne  2005  ) . 

    5.1   Breeding Studies 

 As discussed previously, there have been a multiplicity of studies that have exam-
ined the genotypic variation of antioxidant activity and the level of phytochemicals 
in fruits of which some examined differences among years (Lata et al.  2005 ,     2008 , 
2009; Wojdylo et al.  2008  )  and between locations (McGhie et al.  2005 ; Prior et al. 
 1998 ; Connor et al.  2002b,   c,   2005b,   d  ) . In general, although the cultivar effect was 
large, the antioxidant activity and phytochemical concentrations seen among cultivars 
frequently varied from year to year and among locations presumably due to differ-
ences in climatic, cultural, edaphic, or some other condition. 

 Breeding studies with blueberry (Connor et al.  2002a  )  and red raspberry (Connor 
et al.  2005a,   c  )  estimated the narrow-sense heritability as moderate for antioxidant 
activity (0.43 and 0.54 for blackberry and red raspberry, respectively) and total 
phenolic content (0.46 and 0.48 for blackberry and red raspberry, respectively) and 
moderate to high for total anthocyanin content (0.56 and 0.74 for blackberry and red 
raspberry, respectively). In red raspberries, the narrow-sense heritability estimates 
varied from 0.45 to 0.78 for individual anthocyanins. The anthocyanin with the 
highest concentration (cyanidin 3-sophoroside) had a heritability of 0.56. These 
moderate to high heritabilities indicate that good progress can be expected in the 
breeding of blueberry and red raspberry for higher antioxidants (Connor et al. 
 2005c  ) . In these crops, the year accounted for little of the variance, whereas the 
importance of the genotype x year effect differed between the crops with only 
blueberry having a signifi cant interaction effect. 

 In peach, a study with 15 progenies done over 3 years indicated that the cross 
variation explained ~20, ~34, and ~16% of the phenotypic variation seen for anti-
oxidant activity, total phenolics, and total anthocyanins, respectively. In this study, 
the variation due to the year or the cross x year effects was not signifi cant (Cantín 
et al.  2009  ) . This study used commercial germplasm which is limited in the amount 
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of antioxidant activity, total phenolics, and total anthocyanins as compared to the 
breeding germplasm available (Tables  2.6 – 2.8 ) and it is likely that the genetic 
component for these traits would be higher if this high antioxidant/phytochemical 
material was used in the breeding. Although this would facilitate rapid progress in 
boosting the antioxidant/phytochemical levels of peaches, further analysis would be 
needed as these materials are lacking in many important commercial traits. 

 A novel approach to improve the effective anthocyanin levels in fruit was 
described in cranberry, where the proportion of specifi c anthocyanins vary with the 
species. In the cultivated cranberry ( Vaccinium macrocarpon  Ait.), the major 
antioxidants are galactosides and arabinosides versus glucosides of cyanidin and 
peonidin as is found in the related species  V. oxycoccus  L. This is important as the 
glucoside form is more bioavailable than the galactoside and arabinoside forms. 
Thus, it was shown that it was possible to dramatically increase the proportion of 
the more bioavailable glucoside form using interspecifi c hybridization (Vorsa and 
Palashock 2005).  

    5.2   Breeding for Higher Anthocyanins in Tree Fruits 

 Berries, such as blueberries, blackberries, and red raspberries, have been touted for 
their high anthocyanin contents and breeding work indicates that in blueberries and 
red raspberries the total anthocyanin content is moderately to highly heritable 
(Connor et al.  2002a,   2005c  ) . In contrast, the commercial cultivars of tree fruits, 
such as apples, peaches, and kiwi among others, generally have little anthocyanin in 
the fl esh of the fruit and what they have is concentrated in the skin (Table  2.8 ). 
Nevertheless, there are variants of these fruit that have red fl esh (Cevallos-Casals 
et al.  2006 ; Vizzotto et al.  2007 ;    Volz et al.  2009 ; Jaeger and Harker  2005  ) . In fact, 
there are red-fl esh peaches and plums that have anthocyanin levels equal to or even 
greater than those reported for commercial blueberry cultivars (Cevallos-Casals 
et al.  2006 ; Vizzotto et al.  2007 ; Byrne et al.  2009  ) . In peach and apple and probably 
in other normally white-, yellow-, or green-fl eshed fruit species, there appear to be 
one or two major genes that allow the development of anthocyanins in the fl esh 
(Sekido et al.  2010 ;    Werner et al.  1997 ; Volz et al.  2009  ) . As is seen in the work with 
peaches and plums, the red-fl eshed genotypes vary widely in the total anthocyanins 
in the fruit (Cevallos-Casals et al.  2006 ; Vizzotto et al.  2007  ) . Thus, once converted 
into a red-fl eshed genotype, further selection would need to be done to optimize the 
anthocyanin content as well as multiple other traits essential for commercial suc-
cess. Currently, there are traditional, advanced selections and newly released red-
fl eshed peach and nectarine cultivars in Asia, North America, and Europe (Byrne 
et al.  2009 ; Pascal, personal communication; Ma, personal communicaton), red-
fl eshed commercial cultivars of Japanese plum (Vizzotto et al.  2007  ) , red-fl eshed 
kiwis developed in New Zealand (Jaeger and Harker  2005  ) , and work toward the 
development of red-fl eshed apples in Japan and New Zealand (Sekido et al.  2010 ; 
Volz et al.  2009  ) .  
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    5.3   Breeding Targets: An Assessment 

 Multiple breeding programs have explored the levels of phytochemicals, antioxi-
dant activity, and other bioactivities among the genotypes that comprise their breed-
ing germplasm (Tables  2.6 – 2.8 ). These, combined with a few breeding studies, 
clearly indicate that there is suffi cient genetic variability to develop cultivars with 
increased levels of antioxidant activity, total phenolics, and anthocyanins. 

 Epidemiological studies have indicated that low fruit and vegetable consumption 
is a risk factor for both cancer and CVD (Chong et al.  2010 ;    Danaei et al.  2005  ) . In 
the case of CVD, evidence supports the assertion that fruits with higher total pheno-
lics reduce the risk of CVD more than low-phenolic fruits (Chong et al.  2010  ) . 
Unfortunately, in spite of the thousands of studies which identify extracts or specifi c 
compounds that affect the development of chronic diseases, it is not clear which 
chemicals nor what levels of these chemicals should be the target of breeding programs. 
In part, this is because the bulk of the work has been done in cell culture model 
systems which serve to identify potentially useful chemicals and study their mecha-
nisms of action but, due to bioavailability and other issues, not to establish the 
effective levels in animal model systems or for use in humans. Even the work with 
small animal models, although better than a cell culture protocol, does not necessar-
ily translate well to a human system (Finley  2005  ) . Furthermore, there are potential 
synergistic interactions among various phytochemicals which make the situation 
more complex (Liu  2004 ; Milde et al.  2007  )  and consequently more diffi cult to 
select a breeding target. 

 It has been frequently asserted that the consumption of higher levels of antioxi-
dants is good for one’s health and many products are sold using this claim. 
Nevertheless, there is not defi nitive proof to confi rm that supplemental antioxidant 
consumption reduces the development of chronic disease (Amiot  2009  ) . Thus, more 
research is needed to identify target phytochemicals and the levels needed to have a 
benefi cial effect on long-term health and the development of chronic diseases. These 
studies need to compare cultivars with varying levels of phytochemicals as well as 
specifi c individual or combination of phytochemicals in animal model and human 
clinical trials to identify the key targets for the development of truly health-enhanced 
cultivars of fruit.       
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