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  Abstract   The cultivated apple,  Malus xdomestica  Borkh., is a interspecifi c hybrid 
complex of allopolyploid origin. The progenitor species is thought to be  M. sieversii  
(Lodeb.) Roem., which hybridized with both European and Asian species throughout 
its domestication. Modern breeding continues to employ relatively few of the 25–30 
species of  Malus  from throughout the northern hemisphere for both scion and root-
stock development. The apple is the most produced temperate tree crop and is 
widely grown throughout the temperate zone and recently it has been expanding 
into subtropical and tropical zones. Major goals of scion breeding programs include 
fruit quality, disease resistance (scab, fi re blight, powdery mildew), nutritional com-
ponents and excellent postharvest traits to allow long storage and use as a fresh-cut 
product. Rootstock breeding efforts emphasize resistance to abiotic and biotic stress 
as well as plant vigor control. Much progress has been seen in the integration of 
biotechnology with the development of transformation systems, multiple maps, a 
large number of markers, extensive EST libraries and, most recently, with the whole 
genome sequencing of apple. Research has identifi ed marker–traits associations 
for various disease resistance, plant architecture, postharvest, and fl avor traits. 
International collaborative efforts are actively working to exploit the biotechnological 
approaches to understand the genetic basis of a range of commercially important 
traits to improve the effi ciency of breeding programs.  
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    1   Introduction 

    1.1   Economic Importance 

 Apple production has increased by more than 50% over the last 20 years with the 
bulk of this growth in China (Table  10.1 ). Currently, China is the largest producer of 
apples, the USA second, followed by apple producers in the European Union (with 
Poland, Italy, and France being the largest producers). In the USA, apple production 
is valued at more than $2.5 billion dollars annually. The apple is the third most valu-
able fruit crop in the USA, following grapes and oranges. More than 60% of apple 
production is marketed as fresh fruit.  

 Apples are used for fresh consumption or processed into a number of different 
products such as apple sauce, apple slices, baby food, juice, cider, brandy, and 
distilled spirits. The markets for fresh-cut and organic apple are also increasing and 
expanding the availability of fresh apples in the fast food industry and for school 
lunch programs.  

    1.2   Taxonomy, Basic Botany and Description of the Crop 

 Luby  (  2003  )  provided an excellent review of the taxonomy of apple. Apple is an 
interspecifi c hybrid complex that usually is designated as  Malus  x domestica  Borkh. 
or  Malus domestica  Borkh. Apple is a member of the subfamily Maloideae of the 
Rosaceae family. The haploid chromosome number is x = 17. Apple is an allopoly-
ploid, but behaves like a diploid. Gametophytic self-incompatibility and inbreeding 
depression encourages outcrossing in nature and in breeding programs. 

 While diploids are frequent, triploids can occur spontaneously in crosses between 
diploids. Such triploids have larger leaves and fruit than their diploid relatives but are 
pollen sterile and cannot supply pollen for fertilization. Many popular cultivars 
(‘Jonagold,’ ‘Mutsu’) are triploids and prized for their quality and fruit size. Some 
breeders have tried to use triploids in breeding with mixed results (Sato et al.  2007  ) . 

 There are 25–30 species of apple reported (Table  10.2 ). The four species native to 
North America formed distinct groups on the basis of simple sequence repeats (SSRs). 

   Table 10.1    Apple production (1,000 MT) in the world (data from 
  http://faostat.fao.org    )   

 1986–1990  1996–2000  2005–2008 

 Americas   7,434   8,988   9,257 
 Asia  11,451  28,912  38,259 
 Europe  21,088  17,097  15,456 
 World  41,451  57,408  65,631 

http://faostat.fao.org
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Many  Malus  species have been used and continue to be used in breeding, with the 
increased recognition of the value of diversity and a means to study genes present in 
these relatives of cultivated apple.   

    1.3   Adaptation 

 Apples are grown in most temperate climates and they require a period of cold (tem-
peratures below 45°F/7°C) to bloom and grow normally. For standard cultivars chill 
units of 500–1,000 are needed, while low chill cultivars require 400–600 h. Heat 
units are also needed. 

 Since several apple-producing areas require cultivars with low chilling hour 
requirements, research on low chilling has expanded (Labuschagne et al.  2001  ) . 
Broad sense heritability values of 30% were calculated for total variation in number 
of buds sprouting and 62% for time of bud sprouting (Labuschagne et al.  2002, 
  2003  ) . In areas of adequate winter chilling, cold hardiness is often a concern as is 
later blooming to avoid spring frosts. The issue of climate change, although contro-
versial, is offering new challenges to apple producers worldwide, with more erratic 
climatic conditions, new pathogens and in some areas an increased frequency of 
hail. Heat tolerance and sunburn susceptibility are being investigated as major issues 
as is drought susceptibility.   

   Table 10.2    Major species of  Malus  found in the northern hemisphere 
(Way et al.  1990  )    

 Region  Common species found 

 North America   M. angustifolia    M. fusca  
  M. coronaria    M. ioensis  

 Europe   M. fl orentina    M. sylvestris  
  M. pumila  

 Asia Minor   M. pumila    M. trilobata  
 Himalaya   M. sikkimensis  
 SW China   M. prattii    M. yunnanesis  
 SE China   M. micromalus  
 Central China   M. honanensis    M. hupehensis  
 NW China   M. kansuensis    M. sieversii  
 N & NE China   M. asiatica    M. prunifolia  

  M. baccata  
 Taiwan   M. doumen  
 Japan   M. baccata    M. sieboldii  

  M. halliana    M. tschonoskii  
  M. sargentii  

 Korea   M. asiatica    M. prunifolia  
  M. baccata    M. sieboldii  
  M. micromalus  
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    2   Origin and Domestication of Scion Cultivars 

    2.1   Center of Origin 

 Although Malus species are found throughout the northern hemisphere, the center 
of origin of apple includes Asia Minor, the Caucasus, central Asia, Himalayan India 
and Pakistan and western China, areas where at least 25 native species of  Malus  
occur. The Old Silk Road crossing from the Black Sea region to western China was 
important in the evolution of cultivated apple (Juniper et al.  1998 ; Zhou  1999 ; Luby 
et al.  2001  )  (Table  10.2 ). 

  Malus sieversii  (Lodeb.) Roem. is thought by many to be the progenitor species 
of apple hybridizing with  M. prunifolia  Borkh.,  M. baccata  Borkh., and  M. sieboldii  
(eastern species) and with  M. turkmenorum  and  M. sylvestris  Mill. (western spe-
cies). Selected cultivars from such random hybridizations were established and dis-
seminated through grafting. There are reports of apples from 4,000 BC and later 
Roman authors documented apple culture. Apple cultivars being grown in Western 
Europe were cut off from their parental origins and evolved in relative isolation 
(Luby  2003  ) . 

 However, research on chloroplast diversity raised interesting questions about the 
relationship of European wild apple  Malus sylvestris  and domesticated apple (Coart 
et al.  2006  ) . A close relationship between the two was established by the existence 
of natural hybrids between the wild and cultivated forms and at the cytoplasmic 
level with the detection of eight shared chloroplast haplotypes. 

 North America became a “melting pot” not only for settlers but also for apple 
genetic diversity. Settlers brought apple seeds or grafts when they arrived, but many 
of these apples were not well adapted to the “new world.” Settlers quickly estab-
lished apple orchards for a source of apple cider, as the safety of drinking water was 
a concern. Settlers soon learned to propagate the seedlings best suited to the new 
climate. Meanwhile, individuals such as John Chapman ‘Johnny Apple seed’ dis-
seminated apple seeds as new territories expanded to the west. Thousands of new 
cultivars were established and named (   Luby  2003  ) .  

    2.2   Domestication of Crop 

 Andrew Knight was the fi rst documented apple breeder. The establishment of apple 
breeding programs worldwide often coincided with the establishment of research sta-
tions in growing regions that often partnered with universities. The history of apple 
is very rich and is detailed in both popular press and in the scientifi c literature. 

 Overviews of breeding and cultivar releases over time are found in an overview 
of the Brown and Maloney  (  2003  ) , Laurens’  (  1999  )  review of breeding programs 
and objectives and in Knight et al.  (  2005  )  survey of breeding methodology and 
accomplishments.   
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    3   Genetic Resources 

 The importance of conservation and characterization of germplasm is recognized 
worldwide (Büttner et al.  2004  ) . Information from the large center of origin of apple 
increasingly is being published and studied. Zhou  (  1999  )  detailed apple genetic 
resources in China as Forsline et al.  (  2003  )  reviewed the collection, maintenance, 
characterization, and utilization of wild apples of central Asia. 

    3.1   Scion 

 The European Cooperative Program for Plant Genetic Resources has a Malus/Pyrus 
working group (  http://www.wcpgr.cgiar.org/workgroups/malus_pyrus/malus-pyrus.
html    ), and many of its members are in charge of their country’s germplasm collection. 
The group represents a total of over 20,000 accessions in 13 countries. Büttner et al. 
 (  2004  )  evaluated the use of  Malus  germplasm in Germany, while Fischer and Dunemann 
 (  2000  )  used the collection to search for scab and mildew resistance. In Spain, Pereira-
Lorenzo et al.  (  2008  )  evaluated local Spanish cultivars and used simple sequence repeat 
(SSR) markers for discrimination and to eliminate duplicates from the collection. 

 The US Department of Agriculture’s Agricultural Research Service is responsi-
ble for the Clonal repository of Apples, Grapes and Tart Cherry in Geneva, NY. 
Researchers at this unit have been very active in the acquisition of materials from 
the center of origin (Central Asia) and in making material, especially  Malus siever-
sii , available for study by researchers worldwide (Forsline et al.  2003  ) . Volk and 
Richards  (  2008  )  detailed the availability of information on apple germplasm, includ-
ing genotypic information, via the use of GRIN (Genetic Resources Information 
Network) database. In addition, for ex situ conservation of apple, a seed-based core 
collection for  Malus sieversii  has been established (Volk et al.  2005  ) .  

    3.2   Rootstock 

 Rootstock germplasm includes many of the same  Malus  species used as sources of 
resistance in scion breeding. Some novel objectives include the use of apomictic 
species for seed production of clonal stocks, the selection for resistance/tolerance to 
specifi c environmental rigors of the root such as drought, water logging, salinity, 
nutrient defi ciency, and other challenges.  

    3.3   Germplasm Diversity 

 Genetic diversity and population structure has been examined in  Malus sieversii , a 
wild progenitor species of domesticated apple (Richards et al.  2008  ) . Examination of 

http://www.wcpgr.cgiar.org/workgroups/malus_pyrus/malus-pyrus.html
http://www.wcpgr.cgiar.org/workgroups/malus_pyrus/malus-pyrus.html
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almost 950 individuals from 88 half-sib families from eight  M. sieversii  populations 
from Kazakhstan revealed that differentiation was mostly congruent with geographical 
location. Among the eight collection sites there were two narrow and two broadly 
distributed clusters, with the southwestern collection sites more admixed and more 
diverse than the northern sites. 

 Korban’s  (  1986  )  review of interspecifi c hybridizations documented early studies 
in this area and researchers continue to try to exploit genes from apple’s wild rela-
tives for everything from genes for resistance to studying drought, winter hardiness 
(Luby et al.  1999  )  and nutrient uptake. Many researchers are concentrating on 
genetic studies of  Malus sieversii  as the probable progenitor species of apple (Coart 
et al.  2003,   2006  ) .  Malus orientalis Uglitzk. Ex Juz.  from Turkey and southern 
Russia is also under investigation (Volk et al.  2008  ) . 

 The inbreeding concerns expressed by Noiton and Alspach  (  1996  )  remained the 
same or may be worse. The common progenitors of the past (‘Golden Delicious,’ 
‘Delicious’ ‘McIntosh,’ ‘Cox’s Orange Pippin,’ ‘Jonathan’) have declined in use as 
parents, only to be replaced by cultivars only one generation removed. Most related 
species of apples have been used in resistance breeding, with  Malus fl oribunda  
prevalent in scab resistant material.  

    3.4   Major Traits and Sources for Traits 

 Sources of some traits are listed briefl y, with more detailed information in the sec-
tion on breeding and markers. 

    3.4.1   Quality 

 Improving quality is an objective for breeders worldwide, yet defi ning quality, 
quantifying quality and its components and minimizing environmental infl uence is 
a huge challenge. Apple juiciness, fi rmness, crispness, and aroma are crucial to 
quality but are complex characteristics that are affected by many environmental fac-
tors, making their study and improvement diffi cult. Contrasting instrumental tests 
with sensory perception is important, but equally complex and expensive. Trained 
taste panels are best, however most breeding programs fi nd this extra cost prohibi-
tive and rely on staff within the research program. Yet as advances are made in 
quality, new techniques are being developed and used to dissect components of 
these traits and identify signifi cant marker–trait associations.  

    3.4.2   Apple Scab ( Venturia inaequalis ) 

 In breeding for resistance to apple scab x, breeders mainly focused on the V 
f
  gene 

from  Malus fl oribunda  821. Recently other sources of resistance are being targeted 
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such as Russian seedling R1270-4A and  Malus sieversii , especially for their prospects 
for pyramiding resistance and for understandings of race specifi city especially 
susceptibility to races 2 and 4 of scab. The  V  

 m 
  from  Malus micromalus  Makino and 

 M. atrosanguinea  804 (Spaeth) C. Schneider confers resistance to all but race 5 of 
scab. V 

b
  from Hansen’s baccata # 2 and V 

bj
  from  Malus baccata jackii  Rehder have 

not been used extensively in cultivar development, but their resistance to other dis-
eases is generating interest in their use. Numerous reports of additional sources of 
scab resistance provide many leads for future study (Gessler et al.  2006  ) .  

    3.4.3   Powdery Mildew ( Podosphaera leucotricha ) 

 Sources of mildew resistance include  Pl  
1
  from  Malus  ×  robusta  Carr Rehd. and  Pl  

2
  

from  M. zumi (Matsum.) Rehder  (Knight and Alston  1968  ) ,  Plw  from White Angel’ 
(Gallot et al.  1985 ; Batlle and Alston  1996  ) ,  Pld  from D12 a selection from open 
pollinated crabapple seed (Visser and Verhaegh  1976  ) , and Pl 

m
 , which has been 

eroded (Dayton  1977  ) . Other sources of resistance have been identifi ed (Fischer and 
Dunemann  2000 ; Schuster  2000  ) , including quantitative resistance from U211 
(Stankiewicz-Kosyl et al.  2005  ) .  

    3.4.4   Fire Blight 

  Malus robusta  5 is the major source of resistance used in rootstock and scion breeding. 
Commercial cultivars with fairly good resistance include ‘Delicious’ and the scab 
resistant variety ‘Liberty.’  

    3.4.5   Vitamin C and Antioxidants 

 Improving and documenting the nutritional components of apple cultivars is impor-
tant yet also very complex. There are many publications on individual cultivars and 
several germplasm screens done in apple including Stushnoff et al.  (  2003  )  and 
Nybom et al.  (  2008a,   b,   c  )     that provide evidence of the wide range of variation for 
these compounds.  

    3.4.6   Red Pigmentation for Ornamentals and for Enhancing Antioxidants 

 Red pigmentation in apple fl esh and foliage is derived primarily from  Malus pumila  
var.  niedzwetzkyana  and its derivatives. Although a dominant gene for anthocyanin 
production was proposed, a defi ciency of red plants is often noted. Highly pig-
mented cultivars, especially with red fl esh, are of interest due to their ornamental 
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and nutraceutical properties, with researchers in New Zealand emphasizing this as 
one of their breeding goals. The genetics, genomics and complexity of apple skin 
and fl esh color is detailed more extensively in the section on genomics.    

    4   Major Breeding Achievements 

    4.1   Scion 

 Reviews of breeding and program objectives and achievements include Laurens 
 (  1999  ) , Knight et al.  (  2005  ) , Brown and Maloney  (  2003,   2004  )  and Gardiner et al. 
 (  2007  ) , but a literature review of apple breeding or a scan of recent cultivar releases 
or commercialization is evidence of the ultimate accomplishment: new and improved 
varieties and knowledge to be used in the improvement process. 

 In reviewing the literature, advances in our knowledge of quality and how to 
measure it, the factors affecting of fl esh browning and the complexity and intrigue 
of enhancing total or specifi c antioxidants is evident. 

 Despite the challenges, disease resistance breeding has widened in scope and 
added to our knowledge of sources of resistance, their location in the genome 
and their interactions. Interest in insect resistance has experienced a revival and 
this research area will advance our ability to produce fruits suitable to the 
organic market. 

 Food safety has become important and apple allergens are one aspect of this 
topic. Apple allergens have been identifi ed and their mode of action and type have 
been confi rmed, the effect of processing on the different allergens has been studied, 
and the location of these allergens have been documented. This knowledge has 
largely been collected over the last 10 years and it promises to aid breeders in the 
choice of parents and breeding strategies in developing low allergen apples.  

    4.2   Rootstock 

 Reviews of apple rootstocks and their breeding include those by Webster and 
Wertheim  (  2003  ) , Cummins and Aldwinckle  (  1983  ) , and Ferree and Carlson 
 (  1987  ) . Dwarfi ng, induction of precocity, disease resistance ( Phytophthora,  fi re 
blight, scab), and climatic adaptation remain important goals. Breeding pro-
grams and releases include Ag-Canada in Quebec (Khanizadeh et al.  2000  ) , 
Japan (Soejima et al.  2000  ) , the ‘Supporter’ series of rootstocks from Pillnitz, 
Germany (Fischer  2001  ) , and rootstocks developed in Poland (Jakubowski and 
Zagaja  2000  ) . 
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 Among the best-known rootstock breeding programs, the East Malling program 
in England has continued the tradition of releasing rootstocks with some recent 
releases that have been patented in the USA. Attributes of the joint Cornell/
USDA apple breeding program are detailed in Robinson et al.  (  2003  )  and Fazio 
et al.  (  2006b  ) .   

    5   Current Goals and Challenges of Breeding 

 One of the biggest challenges for breeding programs is to fi nd funding to maintain 
active programs of suffi cient capacity to develop and maintain large populations for 
varietal development. Funding to conduct suffi cient phenotyping and genotyping to 
develop robust markers for marker-assisted breeding is also needed. 

    5.1   Disease Resistance Breeding 

 European researchers have taken a lead in the testing of organic apple production and 
all the complexities involved. Learning more about larger scale organic production 
will help in devising strategies to produce apple varieties with suitable resistance 
and fruit quality so that reduced sprays are a reality (Weibel and Haseli  2003  ) .  

    5.2   Low Allergenicity Apples 

 Tremendous progress has occurred in advancing our knowledge of allergens in 
apple. Four major allergens in apple have been identifi ed, researched and mapped: 
Mal d 1, Mal d 2, Mal d 3, and Mal d 4 (Gao et al.  2005a ;  2005b ;  2005c  ) . Lipid 
transfer proteins (LTP) have been implicated in fruit allergies. When over 80 culti-
vars from two countries were evaluated for LTP there was about a 100-fold differ-
ence in LTP among cultivars (Sancho et al.  2008  ) . Cultivars with low levels of Mal 
d 1, previously designated as low allergenic, did not always have low levels of LTP. 
LTPs need to be tested and confi rmed using oral challenges before discussions of 
allergenicity can be made.  

    5.3   Processing and Fresh-Cut Markets 

 Apple cultivars suited to the fresh-cut market are needed; not just nonbrowning 
apples, but fruit that maintain fi rmness, are not prone to microbial growth and has 
no fl avor change with time. The fresh-cut industry offers convenience to consumers, 
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but the producers have food safety concerns. Toivonen and Brummell  (  2008  )  
reviewed the biochemical bases of appearance and texture changes in fresh-cut 
fruits and vegetables.  

    5.4   Rootstocks 

 Resistances to biotic and abiotic stresses continue to be a primary goal of apple 
rootstock breeding. Rootstock induced reduction of plant vigor not only is impor-
tant culturally but also holds promise of elucidating scion-stock interactions. Replant 
disease remains a complex but real problem, with several new stocks performing 
well in old orchard sites with this disorder. Many traits related to plant propagation 
or orchard performance are objectives, but some can be negatively correlated. One 
example is that while breeders are selecting against tendency for burr knot production, 
reduction or elimination of this trait can make propagation and rooting of liners 
more diffi cult. The development of rootstock maps should allow marker-assisted 
breeding to become a reality in rootstocks.   

    6   Breeding Methods and Techniques 

    6.1   Major Traits and Selection Techniques 

 Future challenges associated with adaptation involves climate change, with the 
resulting introduction of diseases and insects associated with warmer climates, 
changing bloom times and the chance for frost with earlier blooming. The incidence 
of hail is also increasing; making the use of hail nets a prospect for regions that have 
never needed protected cultivation. 

 Research on quantifying bud break, prolonged dormancy and chilling require-
ment is critical to understanding and producing apple trees for low-chill regions. 
Progress in this area is evident    (Labuschagne et al.  2001,   2002,   2003  ) . 

    6.1.1      Disease Resistance 

 Disease resistance ideally encompasses more than one resistance, as a scab resistant 
apple will still be prone to powdery mildew and fi re blight. However, as the number 
of resistances increases, so does the challenge of obtaining commercially acceptable 
fruit quality. With climate change, comes the introduction of new pathogens in 
regions formerly inhospitable to their spread. Partial resistances or fi eld resistance 
to diseases are also being targeted to provide producers with a less intense spray 
strategy. However, several groups are still investigating how to screen for partial 
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resistance and what this will mean under commercial production. Fischer and Fischer 
 (  2008  )  provided an excellent overview of the challenges of trying to incorporate 
multiple resistance yet obtain quality. Despite these challenges there are many recent 
scab resistant apples in the industry that are well received by consumers.  

    6.1.2   Apple Scab ( Venturia inaequalis ) 

 An excellent review of apple scab and genes for resistance was published by Gessler 
et al.  (  2006  ) . The most widely used gene V 

f
 , from  Malus fl oribunda  821 is the most 

likely to erode. Thus it is important to use other genes such as genes in the Russian 
Seedling R12740-7A (Hemmat et al.  2002 ; Bus et al.  2005a,   b  )  and the  V  

 m 
  from 

 Malus micromalus  and  M. atrosanguinea  804 which confers resistance to all but 
race 5 of scab. V 

b
  from Hansen’s baccata # 2 and V 

bj
  from  Malus baccata jackii  have 

not been used extensively in cultivar development, but their resistance to other dis-
eases is generating interest in their use. Recently Souffl et-Freslon et al.  (  2008  )  
reported on a new gene and QTLs from ‘Dulmener Rosenapfel’ that confer resis-
tance to scab.  

    6.1.3   Fire Blight 

 Sources of resistance include Robusta 5 and wild  Malus  species including  Malus 
sieversii  (Fazio et al.  2006a  ) . Unfortunately many of the new popular cultivars are 
very susceptible. Breeding for resistance to fi re blight is more challenging than for 
other pathogens as there is differential resistance which is hard to measure as the 
environment and the growth status of the plant can impact the screening procedures. 
Furthermore since different strains are being used by different researchers, the 
results are diffi cult to compare. There are both shoot and blossom infection in sci-
ons and scion infection can travel to the rootstock.  

    6.1.4   Powdery Mildew ( Podosphaera leucotricha ) 

  Pl  
1
  from  Malus  ×  robusta  Carr Rehd. and  Pl  

2
  from  M. zumi  (Knight and Alston 

 1968  ) ,  Plw  from White Angel’ (Gallot et al.  1985 ; Batlle and Alston  1996  ) ,  Pld  
from D12 a selection from open pollinated crabapple seed (Visser and Verhaegh 
 1976  ) , and Pl 

m
  (Dayton  1977  )  have been used in breeding. Other sources of resis-

tance have been identifi ed (Fischer and Dunemann  2000 ; Schuster  2000  ) , including 
quantitative resistance from U211 (Stankiewicz-Kosyl et al.  2005  ) . Bus  (  2006  )  used 
a partial diallel design used to study resistance in six apple progeny and found that 
parental performance was not a good indication of the performance of its progeny. 

 There is a concern about the potential erosion of major genes for resistance due to 
the breakdown of Pl 

2
  observed in France (Caffi er and Parisi  2007 ; Caffi er and Laurens 

 2005  ) . Sources of resistance other than Pl-2 [ M. hupehensis  (Pampan.) Rehder, 
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 M. mandshurica  (Maxim) V. Komarov,  M. robusta  Rehder,  M. sargentii  Rehder, 
 M. sieboldii  (Regel) Rehder, D12, Mildew Immune Selection, and ‘White Angel’ 
remained resistant to the virulent population. The combination of Pl-2 with quantitative 
resistance genes resulted in a high level of resistance (Caffi er and Parisi  2007  ) .  

    6.1.5   Valsa Canker ( Valsa ceratosperma ) 

 An inoculation protocol developed by Abe et al.  (  2007  )  was effective in screening 
for resistance to Valsa canker and this research identifi ed  M. sieboldii  as having a 
high level of resistance that was effective against several different isolates.  

    6.1.6   Alternaria 

 Resistant cultivars are homozygous for the recessive gene  alt alt . Apple cultivars 
reported to have resistance include: ‘Indo,’ ‘Red Gold,’ ‘Raritan,’ ‘Delicious,’ ‘Fuji,’ 
‘Golden Delicious,’ ‘Ralls,’ ‘Toko,’ ‘Tsugaru,’ ‘Mutsu,’ ‘Jonagold,’ and ‘Jonathan’ 
(Sawamura  1990  ) . Another source of resistance is a Korean cultivar 
 M. bacatta  cv. Jeongsean (Heo et al.  2006  ) .  

    6.1.7   National Variety and Rootstock Testing 

 In the USA, regional projects such as the NE183 “Multidisciplinary evaluation of 
apple varieties,” similar to the NC 140 apple rootstock trials, have added to our 
knowledge of rootstocks, rootstock/scion interactions and scion varieties (Miller 
et al.  2005  ) . The NE-183 trials also had separate plantings for insect and diseases 
studies. There have been studies on cultivar susceptibilities to some of the less stud-
ied diseases, such as  Colletotrichum acutatum  (Biggs and Miller  2001  ) . The 
EUFRIN (European Fruit Research Institutes Network) has an extensive network of 
multisite tests to trial new scion cultivars and clones (Stehr  2009  ) .  

    6.1.8      Insect Resistance 

 Aphids: Stoeckli et al.  (  2008  )  identifi ed molecular markers associated with QTLs 
for resistance to the rosy apple aphid ( Dysaphis plantaginea  Passerini) and the leaf 
curling aphid ( Dysaphis  cf. devecta) and confi rmed the presence of resistance alleles 
in cultivars like ‘Wagener’ and ‘Cox’s Orange Pippin’ that have been reported to 
confer resistance to their progeny. 

 Miñaro and Depena  (  2008  )  evaluated tolerance of some scab-resistant apple 
cultivars to the rosy apple aphid (RAA),  Dysaphis plantaginea , a major apple pest. 
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The use of tolerant cultivars would contribute to nonchemical crop protection. 
The susceptibility of nine scab-resistant apple cultivars to RAA was evaluated in 
greenhouse trials and fi eld observations conducted over 2 years. Signifi cant differ-
ences were observed among cultivars in aphid abundance and damage level 21 days 
after an infestation in the greenhouse. ‘GoldRush’ and ‘Galarina’ were considered 
tolerant, and ‘Jonafree’ and ‘Redfree’ were highly susceptible. 

 Woolly apple aphid ( Eriosoma lanigerum  Hausm.) resistance is an important 
breeding objective, especially in rootstocks. The  Er1  and  Er2  genes derived from 
‘Northern Spy’ and ‘Robusta 5,’ respectively, are the two major sources used. The 
gene  Er3 , from ‘Aotea 1’ (an accession classifi ed as  Malus sieboldii ), is a new 
major gene for WAA resistance. Genetic markers linked to the  Er1  and  Er3  genes 
were identifi ed by screening RAPD markers across resistant and susceptible DNA 
bulks. The closest RAPD markers were converted into sequence-characterized 
amplifi ed region (SCAR) markers and Er1 and Er3 were assigned to LG 08 of 
‘Discovery,’ while the  Er2  gene was mapped on LG 17 of ‘Robusta 5.’ Markers for 
each gene were validated for their utility for marker-assisted selection in separate 
populations (Bus et al.  2007  ) . 

 Germplasm screens for resistance to plum curculio, were not promising for 
genetic solutions to this problem (Meyers et al.  2007  ) , yet tests for resistance to 
apple maggot (Meyers et al.  2008  )  have yielded some interesting sources of resis-
tance to investigate further.  

    6.1.9   Plant Architecture 

 Groups of researchers are collaborating to advance research on plant architecture 
and modeling. This has resulted in more in-depth studies of branching and geno-
typic/phenotypic difference (Costes et al.  2006 ; Lauri et al.  2008 ; Kenis and 
Keulemans  2007 ; Segura et al.  2007  ) . An emphasis has been placed on the geometry 
of plant architecture but also the topography. QTL analysis for complex architec-
tural traits was conducted using progeny of ‘Starkrimson’ × ‘Granny Smith’ (Segura 
et al.  2007  ) . This research across disciplines and germplasm promises to advance 
our understanding of plant architecture and its manipulation.  

    6.1.10   Columnar 

 Combining columnar habit with resistance to apple scab has been a goal of several 
programs and has resulted in the release of several scab resistant columnar apples in 
Romania (Braniste et al.  2008  )  and in Latvia (Ikase and Dumbras  2004  ) . The release 
of nonresistant columnar releases has also accelerated.  
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    6.1.11   Genetic Parameters 

 Genetic studies have also increased in apple. Tancred et al.  (  1995  )  studied the inher-
itance patterns and heritability of ripening date and suggested that determining the 
mean harvest of the two parents was a good way to predict offspring harvest date, 
while fruit shape was found to have a narrow sense heritability of 0.79 (Currie et al. 
 2000  ) . The effects of a recurrent selection program was examined by Oraguzie et al. 
 (  2001  ) , who also looked at the heritability of fruit quality in open-pollinated fami-
lies and found that heritability estimates of harvest date and fruit weight were high 
(>0.70) but sensory traits were moderate; with russet 0.34–0.54 and fi rmness 0.26–
0.59 (Alspach and Oraguzie  2002  ) . Softening has been the subject of recent studies 
by Iwanami et al.  (  2005 ;  2008  ) , who suggest that at least two harvest dates are 
needed in studying apple softness. 

 The presence of an open calyx in disease resistant apples is a large concern due 
to secondary pathogens entering the core early in fruit formation. The incidence of 
core rot may be low (1–3%), but is enough for fruit to be rejected due to contamina-
tion concerns. 

 Sensory and consumer testing have helped provide a better understanding of 
what consumers want (Harker et al.  2008  ) . New instruments will aid our ability to 
quantify important components of apple quality. Collaborative research efforts on 
an international scale will also further progress.  

    6.1.12   Harvest Determination 

 A generic starch iodine chart is a simple way to assess the stage of maturity (Blanpied 
and Silsby  1992  ) . Although not all cultivars have harvest stages that correspond to 
the iodine staining, it provides breeders with a quick and low-cost measure of rela-
tive stage of maturity or staining. Several harvest dates should be assessed to best 
judge the recommended harvest maturity and quality at those dates. As selections 
advance through trials more detailed measurements of maturity, involving ethylene 
production would be helpful. 

 Fruit softening and its challenges: Fruit softening is important to breeders, produc-
ers and consumers, but it seems the more we learn, the more questions we have and 
the more clues we obtain on this complex phenomenon. Knowledge of ACS (1-amin-
ocyclopropane 1-carboxylate synthase gene) and ACO (1-aminocyclopropane 1-car-
boxylic acid oxidase gene) have added to our understanding of the importance of 
ethylene and the many steps involved in its production and perception, but more genes 
are being implicated as important components of softening. Transgenic studies, func-
tional analyses and the testing of markers associated with ACS and ACO across a 
wider range of populations will enhance our understanding of genotypic differences. 

 1-methylcyclopropene (1-MCP), marketed as Smartfresh, blocks the effect of 
ethylene on apples. Its use is adding to our knowledge of cultivar variation in 
response to this treatment as well as the effect of ethylene on volatiles that contrib-
ute to perception of fl avor.  
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    6.1.13   Storage Disorders 

 Our ability to understand genetic susceptibility to storage disorders will be aided by 
advances in genomics and by the use of well-characterized populations. The use of 
parents susceptible to specifi c disorders, such as ‘Honeycrisp’ and its susceptibility 
to bitter pit, soft or ribbon scald and rots will add to our knowledge of the inheri-
tance of such disorders. Resistance to superfi cial scald continues to be the focus of 
several groups, especially in relation to alpha-farnescene. 

 A better understanding of various rots and chilling disorders is also needed. 
 Fruit mineral nutrition: In the mineral nutrition of apples, the site is important for 

evaluation of some nutrients (Volz et al.  2006  ) . It is best to select across sites and 
seasons to assess susceptibility to bitter pit. While fruit calcium might be a useful 
means of indirect selection for bitter pit susceptibility, this worked within, but not 
among, families (Volz et al.  2006  ) . Korban and Swiader  (  1994  )  suggested that two 
dominant genes were responsible for resistance to bitter pit, but this fi nding needs 
additional confi rmation. 

 Sensory testing and understanding consumer preferences and satisfaction: The 
importance of quality, sensory testing, and obtaining a better understanding of con-
sumer perceptions and preferences has expanded greatly over the last few decades. 
Means of quantifying components of fruit quality, such as fi rmness (Harker et al. 
 1996  ) , texture (Harker et al.  2002a  ) , and sweetness and acidity (Harker et al.  2002b  )  
have been researched extensively. Such studies have contrasted trained sensory pan-
elists and objective measurements of Brix and acid. Titratable acidity was the best 
predictor of acidity and values need to differ by 0.08% titratable acidity to be per-
ceived. For Brix, sensory panels were only able to detect a difference with a change 
of more than 1°Brix. Sensory panels were recommended for differentiation of 
sweetness and fl avor. Harker et al.  (  2008  )  determined that increasing fi rmness usu-
ally was associated with increased preference although some people prefer soft 
apples. Higher Brix and acidity can improve preference for apples that are fi rm, but 
not if they are soft. Improved protocols for quality evaluations and sensory testing 
are needed, although great progress has been made in this area. 

 It is best to evaluate fruit softening after at least two harvest dates for obtaining 
a genotypic mean for softening (Iwanami et al.  2005  ) . Iwanami et al.  (  2008  )  obtained 
narrow sense heritability for postharvest fruit softening. Softening rate as measured 
by parent–offspring regression was high ( h  2  = 0.93), but as estimated by sib analysis 
it was only moderately high (h 2  =0.55).  

    6.1.14   Physiological Studies Coupled with Genetic Investigations 

 Physiology is a focus as researchers examine some of the challenges in apple pro-
duction. Fruit thinning, fruit set, and abscission are being evaluated. Apple germ-
plasm with different rates of abscission varied for internal ethylene concentration by 
three orders of magnitude (   Sun et al.  2009  ) . A genomic study of shade-induced 
apple abscission revealed 66 unique genes involved and suggested that better methods 
of thinning might be a future outcome (Zhou et al.  2008  ) .  
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    6.1.15   Storage and Storage Disorders 

 Blazek et al.  (  2007  )  studied cultivars and selections over a 3-year period as to char-
acteristics related to good storage and freedom from storage diseases. An ideotype 
was proposed and important characteristics identifi ed. Thresholds were established 
for some of the parameters; higher skin toughness and thickness, low ethylene pro-
duction, naturally high calcium content, high total phenolics and antioxidants, high 
fl esh fi rmness, and high fruit acidity as expressed by pH. Inoculation with one of the 
bitter rot pathogens,  Pezicula alba  Guthrie was suggested as a fi nal screening on 
selections with the ideal ideotype.  

    6.1.16   Health and Antioxidant Research 

 Reviews by Boyer and Liu  (  2004  )  and Biedrzycka and Amarowicz  (  2008  )  illustrated 
the importance and complexity of antioxidants in apple. Assessing apple germplasm 
collections for antioxidants were the focus of studies by Stushnoff et al.  (  2003  )  and 
Nybom et al.  (  2008a,   b,   c  ) . The complexity of antioxidants in apple has generated 
controversy over which phenolics are most bioavailable or the best to target for 
improvement (Lee et al.  2003  ) . Eberhardt et al.  (  2000  )  suggested that certain apple 
phenolics had antioxidants equivalent to 1,500 mg of vitamin C and were more impor-
tant to target for improvement. Lata  (  2008  )  stressed the importance of site and season 
on efforts to quantifying antioxidants in apple. Khanizadeh et al.  (  2007  )  reported 
polyphenol composition and total antioxidant capacity of selected apple genotypes for 
processing. Davey and Keulemans  (  2004  )  and Davey et al.  (  2006  )     has concentrated on 
the importance of vitamin C, including QTL studies. Planchon et al.  (  2004  )  explained 
that some of the variability in vitamin C content was due to sampling.   

    6.2   Breeding methodology 

 Methodology in apple breeding has been reviewed in different chapters of Moore 
and Janick’s “Methods in Fruit Breeding” ( 1983 ), in Janick et al. ( 1996 ) and breed-
ing programs worldwide were reviewed in Brown and Maloney  (  2003  ) . Unfortunately, 
very few of the studies each breeder routinely makes within their program are pub-
lished and those that are published may be hard to fi nd as they published in many 
different journals. 

    6.2.1   Rootstock Propagation 

 While propagation of seedlings onto rootstocks provides an estimation of perfor-
mance on clonal stocks, the added cost and record-keeping has some of the largest 
apple breeding programs preferring to plant seedlings on their own roots and fast-
tracking promising selections by doing rapid propagation of promising selections 
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after one or a few years of fruiting. This reduces the costs substantially. However 
programs that have partnered with nurseries that provide propagation have an advan-
tage and lower costs. The Cornell program has found that optimizing seedling 
growth in the fi rst several years enables us to have fruit in many progenies 4 years 
after planting without the added expense of rootstocks.  

    6.2.2   Parental Selection 

 In planning crosses, attention must be paid to the parents carrying recessive genes for 
pale green lethal, genetic dwarfs and also sublethals (Alston et al.  2000 ;    Gao and van de 
Weg  2006  ) , as these will greatly reduce the number of usable progeny obtained. Crosses 
of heterozygotes for these traits will reduce populations by 25% for each trait. 

 Although there are still gaps in our knowledge of S-alleles in apple, fully com-
patible or semi-compatible matches should be targeted when possible (Broothaerts 
 2003 ; Matsumoto et al.  2007 ; Nybom et al.  2008a  ) . The use of markers, especially 
S-alleles, to verify proposed parentage, has resulted in the discovery of quite a few 
faulty pedigrees. Surprisingly, even the seed parent of crosses has been in error.  

    6.2.3   Pollen Collection, Emasculation, Pollination and Fruit Set 

 There are cultivars or selections that are very sensitive to emasculation, perhaps 
causing abscission from the wounding that occurs. Other selections/cultivars may 
have pistils with curled styles that are injured during the emasculation process. No 
more than two fl owers per cluster are recommended for pollination as greater num-
bers usually result in some of them abscising. To avoid contamination between 
crosses, 70% alcohol should be used to kill pollen on any surfaces used in pollina-
tion such as fi ngers or brushes. 

 Screening methods have been established for many of the more problematic 
pathogens (scab, mildew, rusts, fi re blight and for the rootstock pathogens such as 
Phytophthora species). Breeders must ensure that they know the races they are using 
in inoculations. 

 The ability to apply preselection to breeding populations has long been a goal, 
but screening for disease resistance has been the primary application. Slowly molec-
ular markers are starting to be used, but while markers are being developed they still 
need to be tested for their validity and their robustness. Markers must be tested in 
different genetic backgrounds and the populations where they are used should be 
maintained to test for any juvenile/adult interactions.  

    6.2.4   Testing and Replication 

 Many programs have their own systems of replication number and testing strategies. 
A study on replication in the initial selection trials of clonally propagated crops 
suggests that any increase in trial area for initial selection is best used for increasing 
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the number of genotypes tested and growing just one plant per genotype (Aikman 
and Langton  1983  ) . How many at each stage often is a function of funding. Some 
programs have research stations willing to act as test sites, providing valuable per-
formance information to the breeder without substantial costs. Other programs rely 
on testing with cooperative growers, but this system is not without its risks of lost 
data. There are programs that offer advanced testing for a fee.  

    6.2.5   Record Keeping 

 There are almost as many record keeping systems, as there are breeding programs. 
Although a universal system would be highly desirable, each breeder has different 
priorities and systems of evaluation. While effective phenotyping is important in 
breeding and in genomic research, the reality of many breeding programs is that 
effi ciency in breeding often requires few detailed records on individual seedlings, 
but more detailed records and phenotyping on promising individuals in that cross. 
Genetic studies can be detailed in records, but if each population was thoroughly 
characterized, breeders could not go through the large number of seedlings that 
need to be evaluated to discern the few desirable segregants.  

    6.2.6   Statistics 

 The use of unbalanced designs common to most fruit breeding programs was 
addressed by (Durel et al.  1998  ) . Genetic parameters (narrow-sense heritabilities 
and genetic correlations) were estimated for major traits in apple using large unbal-
anced data sets, aided by the use of wide-pedigree information. The software REML 
VCE took into account the complex pedigrees of the apple-breeding populations, by 
combining the restricted maximum likelihood procedure with the construction of 
the entire relationship matrix between hybrids planted in the fi eld and their ances-
tors. Narrow-sense heritability estimates ranged from 0.34 to 0.68 for traits exhibit-
ing a normal distribution. Heritability values (~0.35–0.40) were obtained for fruit 
size, texture, fl avor, juice content, attractiveness, and russeting. Higher values of 
heritability were obtained for vigor, as assessed by trunk circumference (0.51) and 
powdery mildew resistance (0.68). Additive genetic correlations between traits were 
estimated and showed a very high relationship between fruit-quality traits.  

    6.2.7   Ploidy Manipulation 

 A comparison among reciprocal diploid × triploid crosses suggested that 2x × 3x 
(but not 3x × 2x) can be used in apple breeding, with trunk circumference index 
(circumference relative to average circumference of diploid progeny of the same 
age) used as an early indicator of whether the seedlings will fl ower and bear fruits 
(Sato et al.  2007  ) . 
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 In any breeding program, the establishment of clear objectives per cross and and 
culling thresholds and/or agreement on limiting factors for discarding selections 
need to be made.  

    6.2.8   Propagation and Release of Varieties 

 With the advent of the ‘Pink Lady’ model of exclusive licensing and trademarking 
to ensure quality and control demand, the apple industry entered into the era of 
controlled management of new varieties. The following are some of the cultivars 
marketed under some type of exclusive or controlled management system, often 
with production royalties: ‘Pink Lady,’ ‘Pacifi c Rose.’ ‘Jazz,’ ‘Delblush,’ ‘Ambrosia,’ 
‘Sonya,’ ‘Cameo,’ and ‘SweeTango’ (MN 1914). The scab resistant cultivars 
‘Ariane’ and ‘Juliet’ are also controlled and trademarked. 

 Innovative partnerships among breeding program and nurseries have resulted in mul-
tisite testing, providing important information on genotype by environment interactions. 
One example is the company Novadi in France that partners with breeding programs 
and nurseries in the pursuit and testing of new cultivars (Laurens and Pitiot  2003  ) .    

    7   Integration of New Biotechnologies 

    7.1   State of the Map(s) 

 Tremendous progress has been made in map construction since the fi rst maps of apple 
(‘White Angel’ × ‘Rome Beauty’) were published (Hemmat et al.  1994  ) . Currently 
maps of differing marker density are available for at least 50 scion cultivars: including 
‘Prima’ × ‘Fiesta’ (Maliepaard et al.  1998 ; Liebhard et al.  2003b  ) . 

 A linkage map of the columnar, reduced branching mutation, ‘Wijcik McIntosh’ 
was constructed along with maps of two scab resistant selections by Conner et al. 
 (  1998  ) , followed by maps of ‘Braeburn’ × ‘Telamon,’ a columnar genotype (Kenis 
and Keulemans  2005  ) , and ‘Fiesta’ × ‘Totem’ (a columnar genotype) (Fernandez-
Fernandez et al.  2008  ) . 

 Maps of ‘Delicious’ and ‘Ralls Janet’ were constructed from progeny of each parent 
crossed with ‘Mitsubakaido’ ( Malus sieboldii ) as the pollen parent for each. (Igarashi 
et al.  2008  ) . N’Diaye et al.  (  2008  )  developed a consensus map using four different 
populations (‘Discovery’ × TN 10-8, ‘Fiesta’ × ‘Discovery,’ ‘Discovery’ × ‘Prima,’ and 
‘Durello di Forli’ × ‘Prima’). Additional mapping populations are being developed and 
used for fi ne scale mapping, synteny studies, and in attempts to locate and clone 
genes of interest. Populations include ‘Royal Gala’ × A689-24 in New Zealand, several 
for physical map construction and in Italy, eight populations are being used. 

 Maps have also been constructed for three rootstock cultivars/selections (Malling 
9, Robusta 5, Ottawa 3) (Celton et al.  2009 ; Fazio, personal communication). 
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    7.1.1   Marker Development 

 Evolution of marker use in apple mirrors that in many plants, starting with isozymes, 
then RAPDS (random amplifi ed polymorphic markers), RFLPs (restriction frag-
ment length polymorphic markers), AFLPs, SCARs (sequence characterized ampli-
fi ed region) and progressing to SSRs (simple sequence repeats) and SNPs (single 
nucleotide polymorphisms).  

    7.1.2   Simple Sequence Repeats 

 Over 300 simple sequence repeats (SSRs) have been developed and tested in apple 
(Liebhard et al.  2002 ; Silfverberg-Dilworth et al.  2006  )  and a set of recommended 
SSRS to be used in PCR multiplex was recently released (Patocchi et al.  2008  ) .  

    7.1.3   Universal Primers in the Rosaceae 

 In an effort to develop more ”universal” markers across the Rosaceae, Sargent et al. 
 (  2008  )  contrasted  Malus  cDNA sequences with homologous  Arabidopsis  sequences 
to identify putative intron–exon junctions and conserved fl anking exon sequences. 
Primer pairs were designed from the conserved exon sequences fl anking predicted 
intron–exon junctions. Eleven loci polymorphisms in ‘Fiesta’ × ‘Totem’ mapped to 
seven LGs. 38% of these genes were successfully mapped in  Fragaria  and  Prunus  
revealing some patterns of synteny across genera. Similarly, Gasic et al.  (  2009  )  
developed markers from apple ESTs that were then tested on 50 individual members 
of the Rosaceae, representing 3 genera and 14 species). They found that transfer-
ability ranged from 25% in apricot to 59% in the more closely related pear. 

 After analyzing over 350,000 EST sequences in apple, a set of 93 new markers 
was mapped in apple that coded for 210 single nucleotide polymorphisms (SNP) 
(Chagne et al.  2008  ) . This demonstrates the potential for SNP discovery and utiliza-
tion in apple. Several research groups in the USA and Italy are developing additional 
SNPs and pursuing pedigree based association studies (Oraguzie et al.  2007a  ) .   

    7.2   Traits Marked with Molecular Markers 

    7.2.1   Scab Resistance Genes 

 Many groups have developed markers for V 
f
 , (reviewed in Gardiner et al.  2007  ) . 

Markers for V 
r
 , V 

x
 , V 

h2
 , V 

h4,
  (Bus et al.  2005b ; Hemmat et al.  2002  ) , Vh 

8
  (Bus et al. 

 2005a  ) , V  
 m 
  from  Malus micromalus  and  M. atrosanguinea  804 (Cheng et al.  1998 ; 

Patocchi et al.  2005  ) , V 
b
  (Erdin et al.  2006  ) ,  V  

 bj 
  from  Malus baccata  jackii (Gygax 

et al.  2004  ) ,  V  
 a 
  from ‘Antonovka’ (Hemmat et al.  2003  )  have also been developed. 
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Some clones of ‘Antonovka’ possess the V 
a
  gene, but some clones only transmit 

polygenic inheritance (Quamme et al.  2003  ) . QTLs for scab resistance were reported by 
Liebhard et al.  (  2003c  ) , Calenge et al.  (  2004  )  and Schouten and Jacobsen  (  2008  ) .  

    7.2.2   Powdery Mildew ( Podosphaera leucotricha ) 

 Markers exist for  Plw  from ‘White Angel’ (   Evans and James  2003  ) ,  Pld  from an 
open pollinated crabapple selection (James et al.  2004  ) ,  Pl  

1
  from  Malus robusta  

(Markussen et al.  1995 ; Dunemann et al.  2007  ) ,  Pl  
2
  from  Malus zumi  (Dunemann 

et al.  1999  ) , and quantitative resistance from clone U211 (Stankiewicz-Kosyl et al. 
 2005  ) . Field studies conducted over 4 years have identifi ed some stable and unstable 
QTLs for mildew resistance (Calenge and Durel  2006  ) .  

    7.2.3   Fire Blight 

 The marker CHO3E03 was useful for resistance from  Malus robusta  5 (Peil et al. 
 2007a  )  but it needs to be tested on populations with other resistance donors to assess 
its utility. Peil et al.  (  2007b  )  established strong evidence for this fi re blight resis-
tance gene from  Malus robusta  location on linkage group 3. A major QTL for resis-
tance was identifi ed on LG 7 of ‘Fiesta’ in two progenies and four minor QTLs 
were also found on LG2 3, 12 and 13 (Calenge et al.  2005  ) . Several signifi cant 
digenic interactions were also identifi ed, suggesting putative epistatic QTLs. Two 
distinct major QTL for fi re blight were found to colocalize on linkage group 12 in 
apple genotypes ‘Evereste’ and  Malus fl oribunda  clone 821, carrying distinct QTL 
alleles at that genomic position (Durel et al.  2009  ) .  

    7.2.4   Alternaria 

 Markers linked to Alternaria blotch resistance (Soejima et al.  2000  )  and susceptibil-
ity (Heo et al.  2006  )  have been reported. More testing of these markers is required.  

    7.2.5   Columnar 

 Columnar or reduced branching apples provided breeders with a means to study the 
genetics of plant form. The columnar trait is dominant, but there is usually a defi -
ciency of columnar types in the progenies studied. Hemmat et al.  (  1997  )  found a 
DNA marker for columnar growth habit that contained a simple sequence repeat. 
Conner et al.  (  1997  )  developed a genetic linkage map for the source of columnar, 
‘Wijcik McIntosh,’ and conducted a QTL study on its effect (Conner et al.  1998  ) . 
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 A population of standard ‘Fuji’ by the columnar genotype ‘Tuscan’ was used to 
identify RAPD markers linked to the columnar gene. From the closest RAPD 
marker, a SCAR (sequence characterized amplifi ed region) marker was developed. 
This marker produces a 670 bp product in columnar material that is absent in non-
columnar plants (Kim et al.  2003  ) . Next, a population of ‘Spur Fuji’ × ‘Telamon’ 
allowed Tian et al.  (  2005  )  to map the  Co  gene between the SSR markers CH03d 11 
and COL on linkage group 10. The region around the  Co  gene was constructed 
using nine new markers and three markers developed earlier. Inter-simple sequence 
repeat (ISSR) markers were used by Zhu et al.  (  2007  )  in an effort to fi nd markers 
closer to the Co gene, but although additional markers were mapped the closest was 
10 cM away. 

 QTL studies have also targeted some populations with one columnar parent in an 
effort to learn more about the effect of the Co gene on branching and other compo-
nents of plant architecture (Kenis and Keulemans  2007 ;  2008  ) . 

 Increasingly, derivatives from ‘Wijcik McIntosh,’ such as ‘Telamon’ and others 
are being used in genetic studies of architecture and branching. There is a great 
degree of variation in columnar form in different clones heterozygous for the colum-
nar gene.  

    7.2.6   Dwarfi ng Genes 

 Pilcher et al.  (  2008  )  used Celton et al.’s  (     2009  )  mapping population of ‘Malling 
9’ × ‘Robusta 5’ to map markers associated with dwarfi ng genes. Markers need to be 
tested on other rootstock populations and also on scion material to see how the 
markers perform in populations with different genetic backgrounds.  

    7.2.7   S-Incompatibility 

 This area of marker research is readily applicable and has aided breeders in their 
design of crosses and has also indicated where parentage is not as documented. 
While more  S  alleles need to be resolved due to high homology with existing 
 S -alleles, the progress in this area has been excellent (Broothaerts  2003 ; Matsumoto 
et al.  2007  ) . When Nybom et al.  (  2008a  )  evaluated a collection of cultivars in 
Sweden they found that fi ve alleles,  S1 – S3 ,  S5 , and  S7 , had frequencies ranging 
from 11 to 18%, whereas the remaining 9 alleles were below 6%. Additional studies 
have revealed the need for studies on S alleles outside of  Malus domestica .  

    7.2.8   Softening (ACS, ACO, and Ethylene) 

 Research on ACS (1-aminocyclopropane-1carboxylate synthase gene) has 
evolved rapidly. In  2000 , Harada et al. identifi ed an allele associated with low 
ethylene production in apple cultivars. Later, an allelotype of a ripening-specifi c 
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1-aminocyclopropane-1-carboxylate synthase gene was found to defi ne the rate of 
fruit drop in apple (Sato et al.  2004  ) . Oraguzie et al.  (  2007b  )  studied the infl uence 
of Md-ACS1 allelotype and harvest season within an apple germplasm collection on 
fruit softening during cold air storage, fi nding that Md-ACS1-2/2 allelotypes had a 
slower rate of softening than the other genotypes. In another study, the amount of 
MdACO transcripts in seeds was found to be a good indicator of abscission follow-
ing benzylaminopurine application (Dal Cin et al.  2007  ) . 

 Genotyping of Md-ACS1 and Md-ACO1 for parents and their suitability for 
marker-assisted selection was assessed by Zhu and Barritt  (  2008  )  who found only 8 
of 95 cultivars homozygous for ACS-2 or AC0-1. Such homozygotes had fi rmer 
fl esh at harvest and after 1 month storage at 0°C. The eight homozygotes included 
four breeding selections and ‘Delblush,’ ‘Fuji,’ ‘Pacifi c Beauty,’ and ‘Sabina.’ 
Later, characterization of cultivar differences in alcohol acyltransferase and 1-amin-
ocyclopropane-1carboxylate synthase gene expression and volatile compound emis-
sion during apple fruit maturation and ripening was evaluated (Zhu et al.  2008a  ) . 

 Nybom et al.  (  2008b  )  determined that modern apple breeding is associated with 
a signifi cant change in the allelic ratio of ethylene production gene Md-ACS1 with 
a shift towards the allele associated with less ethylene production.  

    7.2.9   Flavor (Volatiles) 

 Improvement of apple fl avor by breeding or biotechnology is a complex problem 
and has many challenges (Brown  2008  ) . Research on QTL mapping of aroma com-
pounds (Dunemann et al.  2009  )  is an important fi rst step, as is the discovery via 
genomics that showed that aroma production in apple is controlled by ethylene pri-
marily at the fi nal step in each biosynthetic pathway (Schaffer et al.  2007  ) . Rowan 
et al.  (  2009  )  also examined volatiles in a ‘Royal Gala’ × ‘Granny Smith’ cross and 
used principal component analysis to discriminate progeny as to level and type of 
esters. Dunemann et al.  (  2011  )  found that functional diversity of the alcohol 
acyl-transferase gene (MdAAT1) was associated with fruit ester volatile content in 
apple cultivars.   

    7.3   MAS (Seedling and Parental Selection) 

 A challenge to developing effective molecular markers for marker-assisted breeding 
is accurate phenotyping and the funding to conduct such phenotyping on suffi cient 
individuals and populations. While many molecular markers have been developed 
and identifi ed, few programs use them extensively due to cost, lack of funds, or 
inadequate knowledge about the robustness of these markers. Apple breeders need 
to have markers that are easy to use and inexpensive. There is a clear need for better, 
high throughput DNA extractions and multiplexing would be an advantage (Patocchi 
et al.  2008  ) . 
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 Breeders must assess if the use of markers is both effective in breeding and cost 
effective (Luby and Shaw  2001  ) . Pyramiding several genes for resistance is one 
example where markers would be very useful and the objective would very diffi cult 
to achieve readily without markers. The ability to differentiate sports by use of 
markers and to identify the mechanisms responsible for their activation would also 
be invaluable to nurseries interested in intellectual property right protection and to 
breeders in assessing how to manipulate key traits. 

 QTL studies in disease resistance have been highlighted in the section on disease 
resistance, but QTL studies in other areas have also progressed. Conner et al.  (  1998  )  
study of QTL of tree growth and development has been followed by QTL studies of 
fruit texture and fi rmness (King et al.  2000 ;  2001  ) , physiological attributes (Liebhard 
et al.  2003a  ) , QTLS for plant form and fruit quality (Kenis and Keulemans  2007 ; 
 2008  ) , aphid resistance (Stoeckli et al.  2008  ) , vitamin C (   Davey et al.  2006  ) , and 
plant architecture (Segura et al.  2007  ) . 

 Association mapping and linkage disequilibrium are both challenges and 
advances in our approach to understanding the apple genome (reviewed in Oraguzie 
et al.  2007a  ) . Pedigree assisted breeding is starting to be utilized across several 
programs which will help understand its use in breeding programs and genetic stud-
ies (van de Weg et al.  2004  ) .  

    7.4   Genomics 

 Gardiner et al.  (  2007  )  reviewed genomics research in apple. The database availabil-
ity of expressed sequences has accelerated genomic (Newcomb et al.  2006 ; Park 
et al.  2006 ; Wisniewski et al.  2008  ) , microarray (Lee et al.  2007 ; Pichler et al.  2007  ) , 
and functional genomics studies (Janssen et al.  2008  )  in apple. 

 Over 150,000 expressed sequence tags in apple collected from 43 different cDNA 
libraries, representing 34 different tissues and treatments, were analyzed by 
Newcomb et al.  (  2006  ) . Clustering of these sequences resulted in a set of 42,938 
nonredundant sequences (17,460 tentative contigs and 25,478 singletons), repre-
senting about one-half the expressed genes from apple. Park et al.  (  2006  )  used a 
more targeted approach to large-scale statistical analysis of expressed sequence tags 
by targeting biochemical pathways for precursors to volatile ester production to 
identify genes with potential roles in apple fruit development and biochemistry. 

 Lee et al.  (  2007  )  used a microarray from young and mature fruits of ‘Fuji’ and 
determined that many of the genes involved in early fruit development were also 
active in other organs. When global gene expression analysis of apple fruit develop-
ment from the fl oral bud to ripe fruit (eight time points) was examined using a 
13,000 gene microarray and compared with a microarray on tomato, 16 genes were 
identifi ed in both apple and tomato that may have important roles in ripening 
(Janssen et al.  2008  ) . 
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 Gleave et al.  (  2008  )  examined over 120,000 ESTs to fi nd 10 sequences that could 
be classifi ed into seven plant miRNAs (microribonucleic acids). These small, non-
coding RNAs play important regulatory roles. 

 Wisniewski et al.  (  2008  )  studied the response of ‘Royal Gala’ apple to low 
temperature and water defi cit using expressed sequence tag analysis. This study 
provided more detailed information based on different source tissue (bark versus 
xylem, leaf versus root) and two different stresses, one short term (24 h cold) and 
one chronic (2 weeks of drought). 

 The use of cDNA suppression subtractive hybridization analysis revealed rapid 
transcriptional response of apple to fi re blight disease (Norelli et al.  2009  ) . 

 The proteomic analysis of the major soluble components in ‘Annurca’ apple fl esh 
by Guarino et al.  (  2007  )  is the fi rst of many such analyses. Increasingly, metabolomic 
research is being conducted, including examination of metabolomic changes that 
precede the development of apple superfi cial scald (Rudell et al.  2009  ) . 

    7.4.1   Color as an Example of Progress in Genetics and Genomics 

 While fruit color was always discussed as a qualitative trait, breeders realized that 
red versus yellow was only one attribute of color, given that color intensity, pattern 
and the percent surface covered were also variables. Cheng ( 1996 ) identifi ed a 
RAPD marker linked to red color in 1996. Advances in genomics in apples resulted 
in numerous groups reporting progress in this area at nearly the same time. Takos 
et al.  (  2006  )  reported that light induced expression of a MYB gene was what regu-
lated anthocyanin biosynthesis in red apples. Chagne et al.  (  2007  )  mapped a candi-
date gene (MDMYB10) for red fl esh and foliage color in apple and Espley et al. 
 (  2007  )  reported that red coloration in apple fruit was due to the activity of the MYB 
transcription factor, MdMYB10. Then, Ban et al.  (  2007  )  isolated and conducted 
functional analysis of this MYB transcription factor gene. In silencing anthocyani-
din synthase in apple, Szankowski et al.  (  2009a  )  found a shift in polyphenol profi le 
and a sublethal phenotype, emphasizing the importance of anthocyanin in apple.  

    7.4.2   Development of Research Communities and Databases 

 The AppleBreed Database was envisioned as an easily accessible way to link molec-
ular and phenotypic data from multiple, pedigree-verifi ed populations including 
crosses, breeding selections and cultivars (Antofi e et al.  2007  ) . This database was 
developed as part of the European HIDRAS project, but has applications beyond 
that project. The HIDRAS: High Quality Disease Resistant Apples for a Sustainable 
Agriculture (users.unimi.it/hidras/) was reviewed by Gianfranceschi and Soglio 
 (  2004  ) . HIDRAS was preceded by the collaborative project DARE (Durable resis-
tance to scab and mildew in apple) (Evans et al.  2000  )  and followed by ISAFRUIT, 
a European project involving over 200 researchers and 60 Research units, that is 
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aimed at quality fruit from “the seed to consumption” (  http://www.isafruit.org    ). 
Recently a large project called ‘Fruitbreedomics’ has been funded that combines 
breeding in collaboration with genomics across many institutions and countries. 

 In the USA, the GDR (Genome Database for Rosaceae) is an integrated Web 
database for Rosaceae genomics and genetics data (Jung et al.  2007  )  at   http://www.
bioinfo.wsu.edu/gdr/    . 

 Shulaev et al.  (  2008  )  reviewed multiple models of genomics in the Rosaceae and 
shows the community building evident among researchers in this family. There is a 
Rosaceae white paper at   http://www.Rosaceaewhitepaper.com    , which represents 
efforts of the community to document issues across the Rosaceae. These activities 
resulted in the RosBREED project (  http://www.rosbreed.org    ) that has as a goal 
enabling marker-assisted selection in the Rosaceae (Iezzoni et al.  2010  ).    

    7.5   Transgenics 

 Reviews of transgenics in apple include Brown and Maloney  (  2004  ) , Sansavini 
et al.  2005 ; Gardiner et al.  (  2007  )  and Gessler and Patocchi  (  2007  ) . Transgenics 
with fi re blight resistance were discussed by Malnoy and Aldwinckle  (  2007  )  and 
transgenic rootstocks were reviewed by Dolgov and Hanke  (  2006  ) . 

 Numerous scion cultivars have been transformed, starting with the transforma-
tion of ‘Greensleeves’ apple in 1989. Many of the top commercial varieties and 
some of their sports (‘Cox’s Orange Pippin,’ ‘Elstar,’ ‘Fuji,’ ‘Gala,’ ‘Greensleeves,’ 
‘Jonagold,’ ‘McIntosh,’ ‘Orin’) and a scab resistant variety (‘Florina’) have been 
transformed. Many transgenes have been targeted, with a priority on imparting 
resistance to disease and insects. 

    7.5.1   Resistance to Apple Scab 

 The synergistic activity of endochitinase and exochitinase from  Trichoderma har-
zianum  against the pathogenic fungus ( Venturia inaequalis ) in transgenic apple 
plants revealed that expression of some genes had a fitness cost, plants could 
be resistance but of extremely low vigor (Bolar et al.  2001 ). However overexpres-
sion of the apple MpNPR1 gene conferred increased disease resistance without a loss 
of vigor (Malnoy et al.  2007  ) . 

 The transformation of apple with the cloned scab resistance gene (HcrVf2) from 
 Malus fl oribunda  provided the fi rst functional confi rmation of a cloned apple gene 
(Belfanti et al.  2004  ) . This research has progressed to expression profi ling in Hcr-
Vf-2-transformed apple plants in response to  Venturia inaequalis,  with 523 unige-
nes identifi ed (Paris et al.  2009  ) . Recently, Malnoy et al.  (  2008  )  demonstrated that 
two receptor-like genes,  Vfa 1 and  Vfa 2, conferred resistance to apple scab. 
Szankowski et al.  (  2009b  )  found that varying the length of the native promoter of 
HcrVF2 infl uenced the degree of resistance expressed.  

http://www.isafruit.org
http://www.bioinfo.wsu.edu/gdr/
http://www.bioinfo.wsu.edu/gdr/
http://www.Rosaceaewhitepaper.com
http://www.rosbreed.org
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    7.5.2   Resistance to Fire Blight 

 Rapid transcriptional response of apple to fi re blight disease was revealed by cDNA 
suppression subtractive hybridization analysis (Norelli et al.  (  2009  ) . Malnoy and 
Aldwinckle  (  2007  )  provide an overview of the many transgenic approaches to con-
ferring resistance to this pathogen.  

    7.5.3   Fungal Resistance 

 Szankowski et al.  (  2003  )  transformed ‘Holsteiner Cox’ and ‘Elstar’ with the stil-
bene synthase gene from grapevine ( Vitis vinifera  L.) and a PGIP gene from kiwi 
( Actinidia deliciosa ) to try to impart resistance to fungal diseases.  

    7.5.4   Modifi cation of Plant Growth or Architecture (Rootstock and Scion) 

 Zhu et al.  (  2000  )  found that integration of the rolA gene into the genome of the 
vigorous apple rootstock A2 reduced plant height and shortened internodes. In 
 2005 , Bulley et al. reported that the modifi cation of gibberellin biosynthesis in the 
grafted apple scion allowed the control of tree height independent of the rootstock. 
Overexpression of the  Arabidopsis gai  (gibberellin-insensitive gene) in apple also 
signifi cantly reduced plant size (Zhu et al.  2008b  ) .  

    7.5.5   Flowering Genes 

 Kotoda et al.  (  2006  )  reported that antisense expression of the terminal fl owering 
gene (MdTFL1) reduced the juvenile phase in apple. Overexpression of an 
FT-homologous gene of apple induced early fl owering in  Arabidopsis , poplar and 
apple (Tränkner et al.  2010  ) .  

    7.5.6   Rootstock Transformation 

 Rootstocks have been transformed with the  rol  genes from  Agrobacterium  (Zhu 
et al.  2000  )  and with genes to impart resistance to fi re blight (reviewed in Malnoy 
and Aldwinckle  2007  ) . The rootstocks transformed include A2, M.7, M.26, M.9, 
‘Marubukaido,’ and  Malus micromalus  Makino.  

    7.5.7   Anti-sense or Silencing 

 Transgenic approaches to silencing genes often reveal important information 
about the interaction of genes. Dandekar et al.  (  2004  )  found that down regulation of 
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ethylene had a strong effect on the apple fruit fl avor complex. Silencing leaf 
sorbitol synthesis altered long-distance partitioning and apple fruit quality (Teo 
et al.  2006  ) .  

    7.5.8   Cisgenesis 

 Currently cisgenesis, defi ned as genetic modifi cation of plants inserting genes from 
the plant itself or from crossable relatives, is a focus of several apple projects 
(Schouten and Jacobsen  2008  ) . Such programs often also target “markerless 
technology.” 

 The whole genome sequencing of a clone of ‘Golden Delicious’ has been com-
pleted at the Istituto Agrario San Michele all’Adige (IASMA) in Italy (  http://www.
ismaa.it    ) (Velasco et al.  2010  )  and researchers at Washington State University and 
South Africa are now partnering with these researchers and others in France in the 
sequencing of a doubled haploid of ‘Golden Delicious.’ Enhanced collaboration 
among breeding programs and genomic groups is providing the integration crucial 
to future success and application. Genomics has opened up new opportunities for 
improving apple and for learning some of the issues involved in the many complex 
traits being targeted. Enhanced collaboration on an international scale is an excel-
lent way for us to further our breeding goals and to add to the database of pheno-
typic and    genotypic information.        
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