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Squash silverleaf (SSL) disorder is a serious physiological disorder in summer 

squash (Cucurbita pepo L.) caused by the feeding nymphs of the silverleaf whitefly, 

Bemisia argentifolii (formerly known as Bemisia tabaci Gennadius, B strain). This 

disorder is characterized by a progressive silvering on the upper leaf surface and 

blanching of fruit that, in severe cases, renders them unmarketable.  It has also been 

associated with a decrease in chlorophyll and carotenoid pigment production.   

 A source of resistance to SSL disorder has been found in C. pepo breeding line, 

Zuc76, developed at the University of Florida. We characterized the inheritance of 

resistance to the leaf symptoms of SSL disorder within segregating progeny developed 

from crossing the Zuc76 with C. pepo ‘Black Beauty,’ a cultivar susceptible to SSL 

disorder.  Studies were conducted within a greenhouse using a completely randomized 

design. At the second to third true-leaf stage, each plant was infested with a total of 30 

mating pairs of mixed-age adult silverleaf whiteflies.  Twenty-one days after the initial 

infestation, the plants were evaluated for symptoms using a scale of 0 (no silvering) to 5 

(95-100% silvering of upper leaf surface). Plants rated as 0 were considered resistant 
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while those rated 1 through 5 were considered susceptible.  Chi-square analysis of F2 

and BC1 segregation data support a model in which a single recessive gene conferring 

resistance to the leaf symptoms of SSL disorder within the C. pepo breeding line Zuc76. 

 Breeding squash with resistance to SSL disorder, derived from Zuc76, can be 

facilitated by using marker-assisted selection. Using F2 and BC1 progeny, segregating 

for resistance, seven random amplified polymorphic DNA (RAPD) markers were found 

associated with SSL disorder; two linked in coupling and five linked in repulsion. RAPD 

markers for plant breeding applications have the advantages of being simple, rapid and 

cost-efficient, however, they are sensitive to PCR conditions, resulting in poor reliability 

between runs. A failed attempt was made to convert four of the SSL disorder associated 

RAPD fragments to SCAR and CAPS markers for potential use in MAS. Further 

optimization of PCR parameters, primer redesign, sequencing of monomorphic bands 

and digestion by additional restriction enzymes may improve our chances of converting 

our SSL disorder associated RAPDs into SCAR and/or CAPS markers. 
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CHAPTER 1 
LITERATURE REVIEW 

Introduction 

The United States produced 303 thousand metric tons of squash, valuing $204 

million, in 2008 (USDA, 2008). In the same year, Florida was the top squash-producing 

state with a value of production of $53 million (USDA, 2008). Summer squash 

(Cucurbita pepo L.) is the primary crop for Florida squash growers (Mossler and 

Nesheim, 2003). 

 Squash silverleaf (SSL) is an economically important physiological disorder 

affecting summer squash. It is characterized by progressive silvering of veins and the 

adaxial leaf surface due to development of large air spaces between the mesophyll 

palisade cells and the adaxial epidermis (Barro et al., 2007). Severely symptomatic 

plants can be stunted, leading to reduced fruit production. Fruit from severely 

symptomatic plants can appear blanched. Reduced fruit quality and yield has caused 

substantial economic loss to Florida squash growers (Maynard et al., 1989). 

 The symptoms of SSL disorder are systemically induced by feeding by silverleaf 

whitefly (Bemisia argentifolii) nymphs (Jimenez et al., 1995). Infesting populations of 

silverleaf whitefly can be reduced through chemical, cultural methods and biocontrol 

(McAuslane, 2009). Insecticide use is the primary method of whitefly control, but 

challenges of environmental impacts, economic costs and whitefly insecticide resistance 

has led to a renewed interest is developing squash cultivars with resistance to the 

disorder caused by whiteflies. A source of resistance in C. pepo to SSL disorder, 

designated ‘Zuc76,’ was developed at the University of Florida.  
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 The objectives of this project include: (1) characterizing the inheritance of 

resistance to SSL disorder within Zuc76, and (2) identifying and developing molecular 

markers associated with SSL resistance derived from this breeding line. 

Characterization and the identification of molecular markers associated with SSL 

disorder resistance will contribute to developing SSL disorder-resistant C. pepo cultivars 

with superior horticultural potential. 

Squash (Cucurbita pepo) 

Taxonomy  

The diverse genus Cucurbita includes some of the oldest domesticated plant 

species in the archeological record (Decker, 1988). Five domesticated species and 22 

wild species are found within the genus and are native to the Western hemisphere.      

C. pepo, C. moschata, C. maxima, C. argyrosperma (formerly C. mixta) and C. ficifolia 

are currently grown in a wide range of regions from cool temperate to tropical (Paris, 

2005). C. pepo is the most widely grown species and includes summer squash and 

pumpkins. A number of cultigens of C. pepo were domesticated in the pre-Columbian 

Americas with the oldest record of the species found in Valley of Oaxaca in Mexico and 

dated to nearly 10, 000 years old. C. pepo is considered the most polymorphic species 

within the plant kingdom (Zraidi et al., 2007). The fruit exhibit wide variation and are 

used in the infraspecific classification of cultivated members of the species into eleven 

cultivar groups (Paris, 2008). The three inedible, ornamental groups are the Round, 

Smooth-Rinded Gourd group, the Oviform, Smooth-Rinded Gourd Group, and the 

Warted Gourd Group. The groups grown for their mature fruit are the Acorn Group and 

Pumpkin Group. The summer squash groups are vegetable marrow, cocozelle, scallop, 

crookneck, straightneck and zucchini.  
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Summer squash are grown for their edible, immature fruit in temperate and 

subtropical regions (Paris, 2008). Shiny, intensely colored fruit of 100g to 200g are most 

desirable while dull, oversized fruit are unmarketable. During the mid- and late-20th 

centuries, the value of summer squash exceeded pumpkins and winter squash leading 

to intensified breeding for increased crop quality (Paris, 2001). F1 hybrids were 

introduced commercially in the United States in the 1950s. The growth in popularity of 

summer squash into the new millennium has increased development of more disease 

resistant varieties. Records from the United Nations’ Food & Agriculture Organization 

show an increase in summer squash consumption greater than all other vegetables in 

Western Europe in the last decades of the millennium. Zucchini has become the most 

widely grown and economically important summer squash variety and has exceeded all 

other members of the Cucurbita genus (Paris, 1986; Paris, 2001).  Some open-

pollinated zucchini cultivars, such as ‘Black Beauty,’ are produced, but the majority of 

the market consists of over 100 hybrids (Paris, 1986). 

Production 

Squash, pumpkins and gourds are major vegetable crops with a combined 

worldwide production of 210 million tonnes in 2007 (FAOStat, 2009a). Summer squash 

represent a small portion of this production, but because summer squash production is 

concentrated in economically developed countries, the crop value may exceed the other 

Cucurbita varieties in this category (Paris, 2008).  In 2007, the United States ranked 4th 

in production of squash, pumpkins and gourds with 864,180 metric tonnes, of which 

284, 220 tonnes were squash (FAOStat, 2009b; USDA, 2009). The value of United 

States squash production for 2008 was $204 million dollars, with Florida contributing 

$53 million dollars as the top squash-producing state (USDA, 2008). California is ranked 
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second in terms of production value followed by New York, Georgia and Texas. In the 

United States, squash ranks in the top 15 vegetables in production, planting acreage 

and crop value (USDA, 2009). Squash production in the United States has changed 

greatly in the last two decades with nationwide production reports only becoming 

available in 2000 as squash production began to exceed other vegetables and melons 

(Cantliffe et al., 2007). 

Cultivation 

Summer squash are short-season crops grown in warm seasons, typically fall 

and/or spring, when the threat of cold temperature to the herbaceous, frost-sensitive 

plants is at a minimum (Kemble et al., 2005; Paris, 2001). Summer squash are typically 

direct-seeded or transplanted in flat ground or raised beds, with or without polyethelene 

mulch (Kemble et al., 2005). Squash can be planted on plastic mulched beds following 

crops of other fruit or vegetables, but to avoid potential nematode and soil-borne 

disease problems, summer squash should not follow other Cucurbitaceae crops. Well-

drained sand loam soils of pH 6.0 to 6.5 with high levels of organic matter are preferred 

(Kemble et al., 2005; Peet, 2001b). Summer squash require relatively high fertilization 

rates, especially before flowering (Peet, 2001b). Fertilization rates are dependent upon 

soil testing results.  

Summer squash have palmate leaves and a bush habit (Paris, 1989; Paris, 

2001). Because open growth and bush habits facilitate harvesting, vining varieties are 

rare. Foliage of C. pepo is typically rough and spiney, but smooth varieties of summer 

squash are desired for easier hand harvest and avoidance of scratches to the tender 

fruit (Paris, 1989). Squash plants are monoecious, producing conspicuous, nectar-

producing, orange-yellow, unisexual flowers (Paris, 2001). Squash plants produce male 
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flowers 3 to 4 days before female flowers are formed and in a typical ratio of 3 males 

flowers per female flower (Peet, 2001a). Summer squash crops are highly dependent 

on effective bee pollination for crop yield and quality (Kemble et al., 2005; Stephens, 

2003). Poor pollination results in small, misshapen or aborted squash fruit (Peet, 

2001a). For adequate fruit set, one honeybee hive per acre of production is 

recommended. Squash require 40 to 50 days from seeding to reach marketable fruit 

size (Kemble et al., 2005; Stephens, 2003). Market preference is for smaller, glossy fruit 

with intense color and less stippling (Paris, 2001). Yellow fruit are in demand in the 

United States, but not in other areas of production. 

Squash Silverleaf Disorder 

Introduction 

 Squash silverleaf (SSL) disorder is a severe physiological disorder affecting 

economically important varieties of C. pepo, C. maxima and C. moschata (Paris et al., 

1993). It was first described in Israel in 1963 and was believed to associated with 

drought stress (Burger et al., 1983; McAuslane et al., 2004). The first widespread 

instance of SSL disorder affecting commercial plantings in Florida was in 1987 in Palm 

Beach County (Simons et al., 1988). Classic progressive leaf silvering was uniformly 

observed in a single planting of C. pepo in September and by December all commercial 

squash plantings in Palm Beach and Broward Counties. In addition to leaf symptoms, 

blossoms appeared frosted and fruit appeared glazed or blanched. Dark green cultivars 

of zucchini appeared chlorotic to pale green in color in a uniform or mottled pattern.  A 

reduction in yield in addition to the unmarketable conditions of the fruit contributed to 

severe economic losses during the 1987-88 growing season.  SSL disorder has 
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subsequently spread to many southern states, including Texas, Arizona and California 

and into Hawaii and the Caribbean region (Henneberry et al., 1999).  

Physiological and Cytological Characteristics 

SSL disorder symptoms initiate as venal leaf cholorosis, followed by silvering of 

the primary and secondary veins that progresses to interveinal areas, potentially 

covering the entire adaxial leaf surface (Fig. 1-1) (Jimenez et al., 1995; Simons et al., 

1988). These symptoms are distinct from genetic silvering, which initiates in vein axils, 

usually appears in patches and does not expand to the entire laminar surface. Fruit and 

flowers are affected in severe cases of SSL disorder. Silvering related to SSL disorder 

is permanent, though symptomatic plants can produce normal leaves. The silver 

appearance of the leaves is due to altered reflection of light as a result of the separation 

of the upper leaf epidermis from the palisade mesophyll (Schmalstig et al., 2001). 

Silvering symptoms are accompanied by a 10-50% reduction in chlorophyll (Jimenez et 

al., 1995). Transmission electron micrographs of symptomatic leaf tissue revealed 

smaller chloroplasts with smaller starch grains in comparison to non-affected control 

samples (Schmalstig et al., 2001). SSL disorder-affected plants have reduced 

photosynthetic ability as evidenced by reduced net carbon rate exchanged and 

hypothesized to be a result of increased light reflectance, reduced chlorophyll levels, 

poorly developed chloroplast and possible inhibition of the photosynthetic apparatus. 

Relationship to the Silverleaf Whitefly 

SSL disorder was first hypothesized to be associated with drought stress or other 

environmental factors such as air quality (Schuster et al., 1991; Simons et al., 1988). In 

the 1987-1988 Florida squash season, large populations of the silverleaf whitely (SLW), 

Bemisia argentifolii Bellows & Perring, (formally B. tabaci (Gennadius) ‘strain B’) were 
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observed in occurrences of severe silvering (Maynard, 1989). Subsequent greenhouse 

experiments showed that SSL disorder is associated with the feeding nymphs, not the 

adults, of the silverleaf whitefly (Costa et al., 1993; Schuster et al., 1991). As few as two 

immature whiteflies can induce silvering symptoms and the density of nymphal 

infestation is positively correlated with severity of symptoms (Costa et al., 1993). When 

the feeding nymphs are removed from the squash plant, new leaves appear free of 

symptoms (Schuster et al., 1991).  Drought stress has been observed to intensify SSL 

disorder symptoms induced by the SLW (Carle et al., 1998; Paris, 1993). 

Jimenez et al. (1995) hypothesized that a translocated SLW-borne toxin may be 

responsible for SSL disorder. The closely related sweetpotato whitefly (Bemisia tabaci 

type A) does not induce SSL disorder. While plant defense responses differ in relation 

to physical damage associated with differential modes of insect feeding, silverleaf and 

sweetpotato whiteflies (SPW) are thought to have similar probing and feeding 

mechanisms (van de Ven, 2000). Variations in composition of saliva or digestive 

symbiotes may be responsible for differential squash plant response to whitefly feeding 

(Jimenez et al., 1995; Ven et al., 2000). The components may be produced by the 

insect or by the endosymbiotic bacteria in the gut mycetomes of the SLW. Variations in 

species and frequency have been noted between B. tabaci and B. argentifolii 

endosymbionts (Chiel et al., 2007; Costa et al., 1995; Ruan et al., 2006). 

Endosymbionts affect their hosts’ ecology and evolution and have been shown to affect 

host plant range, susceptibility to environmental factors and resistance to pathogens 

and parasitoids in other species of agricultural insect pests. 
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 Bemisia argentifolii was first observed in the United States on poinsettia crops in 

South Florida in 1986 as it became a severe pest of economically important vegetable, 

field and ornamental crops (McAuslane, 2009). It quickly spread to other southern 

states with large areas of crop production, including Texas, Arizona and California. The 

SLW can over-winter as far north as South Carolina and is a greenhouse pest in cooler 

latitudes. It has a broad host and geographical range, feeding on over 500 plant species 

in 74 families in mostly warm temperate and tropical regions including the United 

States, Canada, Central and South America, the Caribbean, southern Europe, Africa, 

India and Australia (Brown et al., 1995; McAuslane, 2009).  

Crop damages attributed to SLW were estimated to exceed $500 million in the 

United States in 1991 (Perring et al., 1993). Damages to Florida crops due to direct 

feeding and virus transmission by the SLW were estimated to be $141.4 million. In 

Florida, SLW is a pest of a wide range of economically important crops including 

tomato, peppers, squash, cucumber, eggplant, watermelon, cabbage, potato, peanut, 

soybean, cotton and a number of ornamental crops such as poinsettia, hibiscus and 

chrysanthemum (McAuslane, 2009).  

SLW damage plants in a number of ways. Direct feeding on plant phloem sap 

can cause loss of plant vigor, plant stunting, wilting, seedling death and reduced yield 

(McAuslane, 2009). Sooty mold grows on whitefly-excreted honeydew, a sticky sugar-

rich waste. Sooty mold reduces fruit quality and leaf photosynthetic ability. Feeding by 

immature whiteflies is associated with physiological disorders in addition to SSL 

disorder. A physiological disorder of tomato, called irregular ripening, is characterized 

by streaked exterior fruit color and immature internal tissue that appears white 
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(Schuster et al., 1990). It was first described in southwest Florida in 1987, coinciding 

with the appearance of SSL disorder. In 1989, Florida tomato growers lost $25 million 

due to the unmarketable fruit affected by tomato irregular ripening (Perring et al., 1993). 

Other SLW-associated physiological disorders include lettuce leaf yellowing and stem 

blanching, pepper streak, Brassica white stem and general leaf chlorosis in a number of 

crops (McAuslane, 2009). SLW vectors several plant-pathogenic viruses including 

tomato leaf curl virus, tomato mottle virus and bean golden mosaic virus. SLW serves 

as the vector for a number of viruses affecting Cucurbits. In 2006, Cucurbit leaf crumple 

virus (CLCV) was first reported in Florida on C. pepo (Akad et al., 2008). The leaves of 

the symptomatic plants are curled, thickened crumpled and yellow. Fruit can become 

streaked, rendering them unmarketable (Webb et al., 2007). Squash vein yellowing 

virus (SqVYV) was detected on squash in Florida in 1983 and causes leaf veins to 

yellow (Baker et al., 2008). Cucurbit yellow stunting disorder virus causes initial chlorotic 

leaf spotting that progresses to the interveinal areas (Davis et al., 2008). Leaves curl 

and become brittle. Fruit development is affected leading to economic losses due to 

poor marketability.  

Expression of Squash Genes SLW1 and SLW3 

Two genes, SLW1 and SLW3, are systematically induced in squash after feeding 

by the SLW, but not the SPW (van de Ven, 2000). SLW1 transcripts accumulated most 

abundantly in proximal SLW-infested leaves, but were also detected in distal non-

infested leaves not yet fully silvered. SLW1 RNAs were identified in proximal, SPW-

infested leaves, but were not present in distal leaves. Non-infested controls showed no 

SLW1 RNA accumulation. SLW3 was expressed systemically only in SLW-infested 

plants. Transcripts accumulated in distal, silvered leaves of SLW-infested plants, but not 
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in SPW-infested plants. Similar expression levels were observed in both proximal SLW- 

and SPW-infested leaves, with low levels detected in the non-infested controls. SLW1 

and SLW3 transcripts were only detected after whitefly nymphal feeding and not during 

adult feeding. 

Whitefly induction of SLW1 and SLW3 genes was compared with the non-

infested plants response to mechanical injury, methyl jasmonic acid (MeJA), and 

drought stress. Wounding and exogenously applied MeJa induced SLW1 expression. 

During a water deficit, SLW1 transcripts accumulated in low amounts in young and 

mature leaves while SLW3 RNAs were detected at high levels in young and mature 

leaves which suggest nymphal feeding may elicit similar signal responses by the 

squash plant as drought stress. SLW1 was identified to be a metallopeptidase-like 

protein, which are involved in hydrolyzing peptic bonds. SLW3 is a beta-Glucosidase-

like protein, which are involved in plant defense response to tissue damage. 

Silverleaf Whitefly 

 Bemisia argentifolii,  n the family Aleyroidae, is similar in appearance to B. tabaci, 

the sweetpotato whitefly (SPW), which has been in the United States since 1897 but not 

a significant agricultural pest (Brown et al., 1995; Perring et al., 1993). B. argentifolli 

was not distinguished from B. tabaci at the time of significant whitefly infestations in 

southwestern Florida beginning in 1986. The expanded host range, increased 

populations and the appearance of plant physiological of unknown etiology was 

subsequently attributed to a new strain of B. tabaci designated ‘strain B.’ Morphological, 

behavioral and pathological differences between the two strains of whiteflies have led 

scientists to classify the B strain as a new species, B. argentifolii Bellows & Perring 

(Bellow et al., 1994), with the common designation of the silverleaf whitefly (SLW). The 
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smaller SLW is more fecund and has a broader host range and higher feeding rate than 

the SPW. The SPW does not cause plant physiological disorders nor transmit particular 

viruses that are only associated with the SLW. The SLW and SPW also show 

differences in esterase banding patterns and random amplified polymorphic DNA 

sequences. 

Taxonomy of the Silverleaf Whitefly 

 Silverleaf whiteflies are about 0.8 to 1.0mm in length and have white wings with a 

yellow body (Fig. 1-2) (McAuslane, 2009).  Piercing-sucking mouthparts are used to 

feed on plant phloem sap at vein sites on the undersides of leaves (Brown et al., 1993; 

Hoddle, 1999; Johnson et al., 2005; Stansly, 2007). The SLW develops from an egg to 

an adult with four nymphal instar stages (Fig. 1-3). The adult female SLW deposit eggs 

on the underside of the host plant leaves. The first instar nymph emerges from the egg 

to find a minor vein-feeding site. The subsequent nymphal instars stages are immobile, 

feeding on plant phloem sap until the adult stage. Adult SLW usually emerge in the 

morning. Male whiteflies are capable of mating upon emergence, while female whiteflies 

mate 20-24 h after emergence. The lifecycle (Fig. 1-4) of the SLW is dependent on 

temperature (Hoddle, 1999). Adults emerge 29.9 days at 28 C and 49.9 at 22 C. The 

average number of days to egg hatch is 16.9 at 22 C and 10.4 at 28 C.  

Management  

 Squash silverleaf disorder is currently managed through the control of SLW 

through chemical, cultural and biological methods. In most agricultural systems, 

chemical control using insecticides is the primary strategy of SLW management 

(Henneberry et al., 1999). Single or mixtures of insecticides have provided reasonable 

control of whitefly in major crops. Research is shifting toward integrating alternative 
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control methods due to concerns of environmental impacts and occurrences of whitefly 

insecticide resistance. SLW have been reported to have moderate to high resistance to 

a number of organophosphate, carbamate and pyrethroid insecticides (Brown et al., 

1995). Insect growth regulators are considered environmentally safe, but also act on 

natural insect enemies (Henneberry et al., 1999).  Removal of crop residues to eliminate 

breeding sites during crop-free periods is an important cultural control method 

(McAuslane, 2009). Colored or reflective plastic mulches may be effective in deterring 

whiteflies. Biological control using natural enemies can potentially suppress SLW 

populations below economically injurious levels.  Whiteflies have a number of natural 

enemies including some fungal pathogens, parasitoids and predatory insects. 

Incorporating natural enemies into management systems can be complex due to 

specific environmental requirements of each organism. Care must also be observed 

when using chemical control methods in conjunction with the use of natural enemies 

because insecticides have a negative effect on natural enemies.  

Host Resistance 

Host plant resistance (HPR) is an economically and environmentally sound 

alternative to chemical control methods to minimize the economical loss associated with 

SSL disorder (Teetes, 2009). HPR is the result of heritable plant traits that result in a 

plant being relatively less damaged in relation to a plant without the traits (Teetes, 

2009). Differences in severity of silvering symptoms have been observed among and 

within the cultivar groups of C. pepo (Paris, 1993). Field and greenhouse experiments 

evaluating the six C. pepo cultivar groups showed cocozelle and vegetable marrow 

groups the least susceptible to silvering, while the crookneck and zucchini groups 

showed the most severe symptoms of leaf silvering. The least susceptible cultivars were 
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of Old World origin and current cultivation. The most susceptible cultivars are of Old 

World origin, but have been bred and cultivated in the New World for decades. While 

zucchini was shown as the most susceptible cultivar group, variation of symptom 

development has been observed among zucchini cultivars and breeding lines 

(McAuslane, 1996). Two University of Florida zucchini breeding lines, designated 

‘Zuc33’ and ‘Zuc76,’ found to be considerably less susceptible to SSL disorder than 

control varieties were evaluated in the field to determine relationships between whitefly 

population density and severity of symptoms. ‘Zuc33’ and ‘Zuc76’ supported similar 

whitefly populations as the susceptible control but showed no silverleaf symptoms.  

The hypothesized mechanism of host plant resistance to SSL disorder is 

tolerance. Cordoza et al. (1999) ruled out antixenosis, or insect colonization deterrence 

by the host plant, as the mechanism of resistance as resistant and susceptible zucchini 

genotypes did not significantly differ in SLW egg counts. Leaf characteristics such as 

trichome density and arrangement have been shown to influence whitefly oviposition on 

wild cucurbitaceous species (McAuslane, 1996). McAuslane (1996) observed more 

pubescent C. pepo cultigens were host to larger whitefly populations than less hairy 

cultigens. Cordoza et al. (1999) found no significant difference in trichome density 

between the zucchini breeding lines resistant to SSL disorder and the susceptible 

control. Resistant variety Zuc76 was found to be tolerant to SLW at initial infestation 

levels of 40, 80 and 160 SLW pairs, while the susceptible control exhibited maximum 

symptoms at the lowest infestation.  

Development of squash genotypes with tolerance to whitefly feeding is an 

important tool in managing SSL disorder. Though the source of resistance, Zuc76, 
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shows a number of undesirable horticultural traits, the gene(s) controlling SSL disorder 

resistance can be transferred to other cultivars and hybrids through traditional breeding 

methods. A previous study attempting to characterize the inheritance of resistance 

found in ZUC76 was not completely successful due to imperfect screening procedures 

(Carle et al., 1998). Accurately identifying the mode of inheritance of SSL disorder 

resistance found in ZUC76 will contribute to future development a SSL disorder-

resistant C. pepo cultivar with superior horticultural potential. 
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Figure 1-1. SSL disorder symptoms initiate as venal leaf chlorosis, followed by silvering 

of the primary and secondary veins that progresses to interveinal areas, 
potentially covering the entire adaxial leaf surface. 
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Figure 1-2. A pair of silverleaf whiteflies, Bemisia argentifolii (http://www.ars.usda.gov/is 

/AR/archive/nov07/vine1107.htm) 

 
 
 

 
 
Figure 1-3. Nymphs of silverleaf whitefly, Bemisia argentifolii (http://www.scienceimage. 

csiro.au/mediarelease/mr07-227.html) 

 

http://www.ars.usda.gov/is�
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Figure 1-4. Silverleaf whitefly (Bemisia argentifolii) life cycle (http://www2.dpi.qld.gov.au/ 

horticulture/18512.html) 

 

http://www2.dpi.qld.gov.au/%0Bhorticulture/18512.html�
http://www2.dpi.qld.gov.au/%0Bhorticulture/18512.html�
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CHAPTER 2 
CHARACTERIZATION OF RESISTANCE TO SQUASH SILVERLEAF DISORDER 

CAUSED BY THE SILVERLEAF WHITELY (Bemisia argentifolii) IN SUMMER SQUASH 
(Cucurbita pepo)1 

Introduction 

Squash silverleaf (SSL) disorder is an economically important physiological 

disorder affecting squash, zucchini and pumpkin (Cucurbita pepo). It is characterized by 

a silver appearance of veins and the adaxial leaf surface caused by the progressive 

development of large air spaces between the mesophyll palisade cells and the adaxial 

epidermis due to increased or prolonged cell wall degradation (Barro et al., 2007; 

Jimenz, 1995; McAuslane, 2001).  Silvered leaves exhibit reduced photosynthetic ability 

due a significant reduction in chlorophyll content, decreased chloroplast development 

and perhaps to increased light reflectance. Severely symptomatic plants can exhibit 

stunting and fruit yield reduction (Jimenez, 1995, McAuslane, 2001). In severe cases, 

squash fruit become blanched and unmarketable due to poor quality (Jimenez, 1995, 

Schmalstig et al., 2001). Reduced fruit quality and yield has caused substantial 

economic loss to Florida summer squash growers (Maynard et al, 1989). The value of 

Florida squash production was 53 million dollars in 2007 and summer squash is the 

primary crop for Florida squash growers (Mossler and Nesheim, 2003; USDA, 2008). 

The symptoms of SSL disorder are systemically induced by feeding by immature 

nymphs of the silverleaf whitefly [Bemisia argentifolii, (formerly known as Bemisia tabaci 

Gennadius, B strain)] (Schuster et al., 1991).  Silvering symptoms develop on new 

leaves upon maturation distal to the site of the nymph feeding. When the nymphs are 

                                            
1 Reprinted with permission from Young, K.N. and E.A. Kabelka. 2009. Characterization of resistance to 
squash silverleaf disorder in summer squash. HortScience 44:1213-1214. 
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removed, old leaves remain silver but new growth is free of symptoms (Jimenez, 1995). 

The expression of symptoms is dependent on density of nymphs present, level of 

environmental stress and cultivar (Paris, 1993). 

Infesting populations of silverleaf whitefly can be reduced through cultural 

methods and biocontrol, however, control by chemical means is difficult due to the 

whitefly’s resistance to some pesticides (McAuslane, 2007). Furthermore, the 

undersides of the leaves, the location of the nymphs and adult whiteflies are found on 

the plant, are difficult to reach by sprays. A source of resistance to SSL disorder within 

summer squash, designated Zuc76, was developed at the University of Florida. The 

objective of this project is to characterize the inheritance of resistance to SSL disorder, 

caused by the silverleaf whitefly, within the summer squash breeding line Zuc76. 

Materials and Methods 

Plant Material 

 The SSL disorder-susceptible C. pepo cultivar, ‘Black Beauty’ (BKB) and the SSL 

disorder-resistant C. pepo breeding line, Zuc76, were used as parents to establish 

segregating populations. ‘Black Beauty’ was obtained from commercial companies 

(Seed Savers, Decorah, IA and Reimer Seeds, Mount Holly, NC). Controlled 

pollinations were carried out in the greenhouse to generate F1 (BKB x Zuc76), F2 and 

reciprocal backcross (BKB x F1; F1 x BKB; F1 x Zuc76) progenies.  

Greenhouse Experimental Design 

 Seed for all studies were sown in individual 15.2 cm standard round plastic pots 

containing Fafard Growing Mix #3S (Fafard Inc., Agawam, MA). Studies to evaluate the 

F2 and BC1 progeny were performed using 61 cm-cubed cages covered with fine mesh 

cloth to be insect-proof (Fig. 2-1). Each cage contained six randomly chosen plants. 
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Plants were water regularly. As seedlings reached the first true-leaf stage, slow release 

fertilizer (Osmocote, 14-14-14 N:P:K, Grace Sierra Horticulture Products, Milpitas, CA) 

was applied. Temperatures ranged from 25-35° C throughout the year in the heated and 

evaporatively cooled greenhouse.  Supplemental lighting was used, when needed, to 

maintain a 14-hour day length.  

Whitefly Culture and Plant Infestation 

Whitefly (B. argentifolii) adults were obtained from a colony reared on cotton 

(Gossypium hirsutum) and collard (Brassica oleracea) in a laboratory maintained at 22° 

C and provided supplemental lighting for a 14 h day length. Starting at the second to 

third true-leaf stage, plants were infested with 30 pairs of mixed age adult whiteflies, 

aspirated into vials as aligned male-female pairs from the surface a yellow foam card in 

the rearing cages (Fig. 2-2). Whiteflies were released by placing opened vials under the 

leaf canopy of each plant. Continuous feeding and ovipositing by the whiteflies were 

allowed for the duration of the experiments. Parental and F1 plants grown in non-

infested cages served as negative controls.  Parental and F1 plants grown among the 

progeny in infested cages served as positive controls. 

Scoring for Plant Response to Whitefly Infestation and Data Analysis 

Plants were visually rated for severity of SSL disorder symptoms 21 days after 

infestation. The most silvered leaves of each plant showing symptoms were scored 

using a scale of 0 to 5 (Fig. 2-3), developed by Paris et al. (1987): 0 = green, completely 

non-silvered leaves; 1 = leaves with silvering in and parallel to less than half of the 

veins; 2 = leaves with silvering in and parallel to more than half of the veins; 3 = leaves 

with silvering in and parallel to all of the veins; 4 = leaves with silvering in all veins and 

some interveinal areas; and 5 = entire upper leave surface silvered.  Plants rated as 0 
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were considered resistant to SSL disorder while those rated 1 through 5 were 

considered susceptible.  Chi-square goodness of fit was used to test fit to the expected 

segregation ratios within segregating F2 and BC1 progeny to characterize resistance to 

SSL disorder.  

Results and Discussion 

Silvering of veins, interveinal areas and/or the entire abaxial leaf surface was 

found in plants susceptible to the SSL disorder 21 days after whitefly infestation. These 

symptoms were absent in plants resistant to SSL disorder when grown in whitefly-

infested cages under the conditions of this study. Plants serving as negative controls 

remained free of symptoms. All experimental F1 progeny were susceptible to SSL 

disorder, exhibiting symptoms similar to the SSL disorder-susceptible parent, ‘Black 

Beauty’ (Table 2-1). F2 progeny segregated in a 1:3 [resistant (R):susceptible (S)] ratio. 

Progeny of the reciprocal backcrosses to the SSL disorder- susceptible parent were all 

susceptible. Progeny of the backcross to the SSL disorder- resistant parent segregated 

in a 1:1 (R:S) ratio. The segregation ratios support a model in which resistance to SSL 

disorder in Zuc76 is conferred by a single recessive gene. 

SSL disorder resistance in a related species, C. moschata, was also found to be 

conferred by a single recessive gene (sl), but it is unknown if the gene is allelic to that 

found in C. pepo. In a study to determine the inheritance of the resistance to SSL 

disorder found within the C. pepo Zuc76 breeding line, Carle et al. (1998) established 

that inheritance of SSL disorder resistance was recessive, but were inconclusive in the 

number of genes involved, proposing one, two or four. The method for screening 

involved shaking whiteflies from host plants onto to the squash plants, which resulted in 

varied levels of the plants’ exposure to the whiteflies. Since infestation density of 
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whitefly nymphs is directly correlated to the level of expression of SSL disorder 

symptoms (Costa et al., 1993, Yokomi et al. 1990), distributing a known number of adult 

mating pairs of whiteflies to each plant during the current study insured consistent levels 

of exposure. Environment also affects the expression of SSL symptoms. Paris et al. 

(1993) found drought stress increased the severity of silvering symptoms in C. pepo 

cultivars under controlled greenhouse conditions. Photoperiod and temperature may 

also contribute to differential symptom expression (Cardoza, 1999). An increase in 

temperature affects whiteflies, shortening the developmental time, including the time to 

emergence of the feeding nymphs (Butler et al., 1983, Cardoza et al., 1999). 

Conducting the inheritance study under greenhouse conditions limited the effects of 

temperature, photoperiod and moisture level on symptom expression. 

 Identifying the mode of inheritance of SSL disorder resistance found in Zuc76 will 

contribute to future studies to develop a SSL disorder-resistant C. pepo cultivar with 

superior horticultural potential.  
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Figure 2-1. Greenhouse studies to evaluate ‘Zuc76’, ‘Black Beauty’ and their F1, F2, and 

BC progeny to squash silverleaf (SSL) disorder caused by the silverleaf 
whitefly (Bemisia argentifolii). A) Plants were placed in insect-proof 61 cm-
cubed cages.  B) Each cage contained six randomly chosen plants. 
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Figure 2-2. Infestation of experimental plants with silverleaf whitefly, (Bemisia 

argentifolii). A) Thirty pairs of mixed-age adult whiteflies were harvested from 
rearing cages by aspiration into vials as aligned male-female pairs from the 
surface a yellow foam card. B) Whiteflies were released by placing opened 
vials under the leaf canopy of each plant. 

 
 
 

A
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Figure 2-3. Rating scale (0 - 5) for squash silverleaf disorder on Cucurbita pepo. 

 
 

0 = green, completely  
non-silvered leaves 

1 = leaves with silvering in and 
parallel to less than half of the veins 

2 = leaves with silvering in and 
parallel to more than half of the veins 

3 = leaves with silvering in 
and parallel to all of the 

 

4 = leaves with silvering in all 
veins and some interveinal 

 

5 = entire upper leave 
surface silvered 
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Table 2-1.  Segregation for resistance to squash silverleaf (SSL) disorder caused by the 
silverleaf whitefly (Bemisia argentifolii) in ‘Zuc76’, ‘Black Beauty’ and their F1, 
F2, and BC progeny. 

 
Genotype 

No. of plantsz  
Expected 

Ratios (R:S) 

 
 

X2 R S 
‘Zuc76’ (Z76) 6 0 - - 
‘Black Beauty’ (BKB) 0 15 - - 
F1 (BKB x  Z76) 0 23 - - 
F2 (BKB x Z76) 53 129 1:3 1.65ns 
BC1 (F1 x Z76) 35 45 1:1 1.25ns 
BC1 (BKB x F1) 0 53 0:1 - 
BC1 (F1 x BKB) 0 23 0:1 - 

zR= SSL disorder resistant, S = SSL disorder susceptible. 
ns, X2 value not significantly different at P ≤ 0.05.   
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CHAPTER 3 
INDENTIFICATION OF MOLECULAR MARKERS ASSOCIATED WITH RESISTANCE 

TO SQUASH SILVERLEAF DISORDER IN SUMMER SQUASH (Cucurbita pepo)2 

Introduction 

Squash silverleaf (SSL) disorder is an important physiological disorder affecting 

economically important crops of Cucurbita pepo. It is characterized by permanent 

silvering of the leaf veins and the adaxial leaf surface. (Barro et al., 2007; Jimenz et 

al.,1995; McAuslane, 2001).  Silvered leaves exhibit reduced photosynthetic ability. 

Severely affected plants can produce blanched fruit, which are unmarketable due to 

poor quality (Jimenez et al., 1995; Schmalstig et al., 2001). Reduced fruit quality and 

yield has caused substantial economic loss to Florida summer squash growers 

(Maynard et al., 1989). The value of Florida squash production was 53 million dollars in 

2008 and summer squash is the primary crop for Florida squash growers (Mossler et 

al., 2003; USDA, 2009). 

The symptoms of SSL disorder are induced by feeding immature nymphs of the 

silverleaf whitefly [Bemisia argentifolii, (formerly known as Bemisia tabaci Gennadius, B 

strain)] (Costa et al., 1993; Schuster et al., 1991). Silvering symptoms are expressed on 

new leaves upon maturation distal to the site of the nymph feeding (Jimenez et al., 

1995; Schuster et al., 1991). The expression of symptoms is dependent on density of 

nymphs present, level of environmental stress, and cultivar (Paris et al., 1993). 

An economically and ecologically sound form of control for SSL disorder is 

genetic resistance. A source of resistance to SSL disorder has been bred in a C. pepo 

                                            
2 Reprinted in part with permission from Kabelka, E.A. and K.N. Young. 2010. 
Identification of molecular markers associated with resistance to squash silverleaf 
disorder in summer squash (Cucurbita pepo). Euphytica 173(1):49-54. 
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breeding line, Zuc76, which has been characterized as being conferred by a single 

recessive gene (Chapter 2). Conventional breeding to incorporate SSL disorder 

resistance into squash cultivars requires time, labor and greenhouse space for 

generation of breeding populations and the phenotypic screening of adult plants for 

direct selection. Indirect selection using molecular markers linked to the SSL disorder 

resistance gene in Zuc76 can increase the efficiency of selection and reduce the time 

for cultivar development.  

The use of molecular markers based on polymerase chain reaction (PCR) can 

improve the efficiency of traditional plant breeding by indirectly selecting for the gene of 

interest. The PCR-based random amplified polymorphic DNA protocol is simple, quick, 

and capable of high throughput. It requires small amounts of DNA template and no 

previous knowledge of DNA sequence. The RAPD procedure utilizes single 

oligonucleotide primers, usually consisting of ten bases, to amplify discrete random 

DNA fragments from a genomic DNA template (Mohler et al., 2005). At given 

temperatures, the random primers will anneal to multiple sites along the template. 

Sequences between the annealed primers may be amplified through PCR dependent 

upon distance between primers and extension time. RAPDs can be used as genetic 

markers due to the polymorphisms that are produced by sequence differences in the 

priming sites or from insertions-deletions between the priming sites (Mohler et al., 

2005). The polymorphisms are identified by electrophoresis as the presence or absence 

of individual amplified bands measured by molecular ladders on agarose gels. 

Random amplified polymorphic DNA analysis has been used to identify DNA 

markers associated with traits of economic importance for use in MAS in a number of 
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important horticultural crops, such as fusarium wilt resistance in Cucumus melo, a 

member Cucurbitaceae (Zheng et al., 1999). For C. pepo, RAPD markers have been 

used successfully for assessing varietal genetic variation, for distinguishing cultivars 

and for genetic mapping, (Brown, 2004; Paris et al., 2003; Zraidi et al., 2007). RAPD 

markers linked to morphological traits and disease resistance have been identified in C. 

pepo, but have yet to be applied to marker-assisted selection (Brown, 2004). There are 

no reported molecular markers associated with SSL disorder.  The objective of this 

project was to identify RAPD markers linked to SSL disorder resistance within the 

summer squash breeding line, Zuc76. 

Materials and Methods 

Plant Material 

Previously, a cross was made between ‘Black Beauty’ (BKB), a C. pepo cultivar 

susceptible to SSL disorder, and Zuc76, a C. pepo breeding line resistant to SSL 

disorder, under controlled greenhouse conditions. A single F1 plant was self-pollinated 

to create F2 progeny and crossed with both parents to create reciprocal backcross (BC) 

progenies. The parents, F1, F2 and BC1 progenies were evaluated for response to 

silverleaf whitefly infestation and resistance to SSL disorder in Zuc76 was determined to 

be conferred by a single recessive gene (Chapter 2). From this study, 93 F2 progeny, 

segregating 3:1 (susceptible: resistant), and 30 BC1 [(BKB x Zuc76) x Zuc76] progeny, 

segregating 1:1 (susceptible: resistant), were used to identify molecular markers 

associated with SSL disorder. 

DNA Isolation 

Genomic DNAs of previously harvested newly expanded true leaves of Zuc76, 

‘Black Beauty’, F1 (BKB x Zuc76), 93 F2, and 30 BC1 [(BKB x Zuc76) x Zuc76] progeny 
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(Chapter 2) were isolated using a modified CTAB method. Lyophilized leaf tissue of 

each sample was ground to a fine powder by vortex using five 4 mm glass beads in 15 

ml centrifuge tubes. Into each 15 ml centrifuge tube, 3 ml of an extraction buffer (0.35 M 

Sorbitol, 0.1 M Tris, 0.005 M EDTA, adjusted to pH 7.5), 3 ml of a nuclei lysis buffer (0.2 

M Tris, 0.05 M EDTA, 2.0 M NaCl, 2% CTAB, adjusted to pH 7.5), and 1.5 ml 5% 

Sarkosyl were added. Samples were vortexed and incubated in a 65°C water bath for 

10 minutes. After cooling to room temperature, an equal volume of chloroform/isoamyl 

(24:1) was added, the samples mixed gently, and centrifuged at 800 g for 15 min. The 

aqueous phase was transferred to a new 15 ml centrifuge tube, 20 µl of 10 mg/ml 

RNAse was added, and each sample incubated at 37°C for 60 min. Samples were 

chilled on ice for 15 min and one equal volume of isopropanol was added to each tube. 

Samples were gently inverted and then centrifuged at 3200 g for 45 min. The pelleted 

DNA was re-suspended in 500 µl Tris EDTA, pH 7.5.   

RAPD Analysis 

The parents were screened with 1152 RAPD primers (Eurofins MWG Operon 

Technologies, USA). RAPD primers generating repeatable polymorphisms between the 

parental DNAs were used to genotype 93 segregating F2 progeny to identify putative 

markers associated with SSL disorder resistance. Markers associated with SSL disorder 

were tested using 30 BC1 [(BKB x Zuc76) x Zuc76] progeny.  

The RAPD protocol consisted of a 25 μl reaction volume of 20-35 nmoles of plant 

genomic DNA, 2.0 mM MgCl2, 0.2 μM of each dNTP, 20 μM of primer, 0.5 units of Taq 

DNA polymerase in buffer containing 200 mM Tris-HcL, pH 8.4, and 500 mM KCl. 

Polymerase chain reaction (PCR) was performed as follows: denaturation at 94°C for 5 

min, followed by 40 cycles of 1 min at 94°C, 1 min at 43°C and 2 min at 72°C, with a 
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final extension at 72°C for 5 min. The reactions were then cooled and held 4°C. Twenty 

microliters of the PCR products were separated on 1.5% agarose gels in 0.5% TBE 

buffer. The agarose gels were stained with 1 µg ml-1 ethidium bromide, visualized under 

UV light and photographed on a digital gel-documentation system. The molecular 

weights of the RAPD products were estimated with a 1 Kb DNA ladder (Fisher 

Scientific, USA).  

Data Analysis 

Chi-square goodness of fit was used to test fit to the expected segregation ratios 

of RAPD fragments within the segregating F2 progeny derived from C. pepo ‘Black 

Beauty’ and Zuc76. Single-factor analysis of variance using PROC GLM of SAS 

(Statistical Analysis System version 9.2, SAS Institute, Cary, NC) was performed to 

detect associations between each marker and SSL disorder in the segregating F2 and 

BC1 progeny. A significant association was declared if P < 0.05. Relative positions and 

distances between molecular marker loci and SSL disorder were estimated using 

JoinMap® Version 3.0 (Van Ooijen and Voorrips 2001). Map distances in cM were 

estimated with the Kosambi mapping function.  

Results and Discussion 

Of the 1152 RAPD primers screened against the parental genotypes, C. pepo 

Zuc76 (SSL disorder resistant) and ‘Black Beauty’ (SSL disorder susceptible), 55 (5%) 

produced reproducible banding profiles during amplification. The low percentage of 

polymorphic RAPD loci between Zuc76 and ‘Black Beauty’ may reflect their genetic 

similarity.  

Genotyping the F2 progeny derived from Zuc76 and ‘Black Beauty’ revealed 12 of 

the 55 polymorphic RAPDs with distorted segregation ratios, based on chi-square 
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goodness of fit. These were eliminated from further analysis. Of the remaining 43 RAPD 

primers, six were found to be associated (P < 0.05) with SSL disorder resistance based 

on single-factor analysis of variance (Table 3-1). OPBC16 provided two PCR fragments 

both associated with SSL disorder resistance and labeled OPBC16A and OPBC16B. 

The seven RAPDs, OPC07, OPH01, OPL07, OPM01A, OPBA10, OPBC16A and 

OPBC16B, segregated in a 3:1 ratio in the F2 progeny indicating dominance of band 

when present over its absence. OPC07 and OPBC16B were found coupled to SSL 

disorder resistance while OPH01, OPL07, OPM01, OPBA10, and OPBC16A were found 

linked in repulsion to SSL disorder resistance.  

Association of RAPD primers OPH01, OPL07, OPM01A, OPBA10, and 

OPBC16A with SSL disorder were examined in BC1 [(BKB x Zuc76) x Zuc76] progeny 

segregating 1:1 (resistant: susceptible). Because SSL resistance in Zuc76 is conferred 

by a single recessive gene, the markers OPC07 and OPBC16B, which are coupled with 

the resistance allele, could not be tested in the BC1 progeny. Associations (P < 0.05) 

between RAPD primer OPL07 and OBC16A with SSL disorder resistance were 

detected (Table 3-1).   

The relative position and distances of OPL07 and OPBC16A, including OPC07 

and OPBC16B, to SSL disorder were estimated (Fig. 3-1). The RAPD marker, OPC07, 

is the closest marker to SSL disorder with its genetic distance estimated to be 20 cM.  

This is the first report describing molecular markers associated with resistance to 

SSL disorder resistance (sl) in summer squash (C. pepo). In this study, the source of 

resistance to SSL disorder is derived from Zuc76, a breeding line with an observed 

number of undesirable characteristics including variable germination rates, heterophylly, 
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and occasional dwarfism. The use of these markers has the potential of facilitating the 

introgression of the resistance gene from Zuc76 into C. pepo cultivars or parental 

breeding lines with superior horticultural potential.  

The use of RAPD markers in MAS is dependent upon the breeding population 

and the orientation of the markers to the resistance allele (Johnson et al., 1995). To 

transfer a single recessive resistance gene into a susceptible but superior line, the 

donor (resistant) parent and the recurrent (susceptible) parent are crossed and the F1 

self-pollinated to generate the F2, which are screened for individuals homozygous 

recessive for the resistance gene (Staub et al., 2008).  These individuals are 

backcrossed to the recurrent parent to produce a BC1. Homozygous recessive 

individuals are self-pollinated. The BC1S1 are screened for homozygous recessive 

plants, which are backcrossed to the recurrent parent. This process is repeated. 

Individuals in an advanced backcross generation showing the desired traits of the 

recurrent parent are self-pollinated and screened for the homozygous recessive state 

for the resistance gene to produce the improved variety. Using backcross breeding to 

introgress the recessive resistance gene into superior lines would benefit from a RAPD 

marker linked in repulsion phase (Johnson et al., 1995). Selecting against the repulsion-

phase marker in the F2 and backcross populations will separate the homozygous-

resistant plants from plants with the dominant susceptible allele. In addition, two 

dominant markers in opposite linkage phase can be an efficient way to discriminate 

between heterozygous and homozygous individuals (reference). Fondevilla et al. (2008) 

showed that two dominant SCAR markers, one linked in coupling and the other in 
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repulsion to the powdery mildew resistance gene in pea (Pisum sativa), as highly 

efficient in distinguishing homozygous and heterozygous resistant plants.  

For a molecular marker to be effective in MAS, it must be an economic and 

simple method capable of rapid screening in breeding programs (Johnson et al., 1995; 

Mohler and Schwarz, 2004). RAPD markers satisfy these requirements, but suffer from 

the inherent problem of poor reproducibility due to sensitivity to PCR conditions. This 

problem can be overcome by developing RAPD markers into sequenced characterized 

amplified region (SCAR) markers (Dheng et al. 1997; Zhang et al. 2001). Converting 

markers into SCAR markers involves sequencing the RAPD fragment and designing 

primers specific to the polymorphic sequences. SCAR markers can potentially be 

developed into co-dominant cleaved amplified polymorphic sequences (CAPS), which 

are produced by endonuclease digestion of the SCAR product. SCAR and CAPS 

markers have greater reproducibility and, therefore, greater potential in MAS. Future 

work from this study will include developing SCAR and/or CAPS markers based on the 

RAPD markers identified as linked to SSL disorder resistance. 
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Figure 3-1. Relative position of markers OPC07, OPL07, OPBC16A and OPBC16B and 

the squash silverleaf disorder resistance locus (sl) in F2 progeny derived from 
crossing C. pepo Zuc76 (SSL disorder resistant) and ‘Black Beauty’ (SSL 
disorder susceptible). Map distances on the left are expressed in 
centiMorgans. 
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Table 3-1.  Molecular markers associated with squash silverleaf (SSL) disorder 
resistance, derived from C. pepo breeding line Zuc76 

  
Approx. 

fragment size 
(bp) P-valuez 

Primer Primer sequence (5’ to 
3’) Ry S F2         

progeny 
BC1         

progeny 
OPC07 GTCCCGACGA 950 - 0.0124 N/Ax 
OPH01 GGTCGGAGAA - 1200 0.0470 ns 
OPL07 AGGCGGGAAC - 850 <0.0001 0.0019 
OPM01A GTTGGTGGCT - 950 0.0437 ns 
OPBA10 GGACGTTGAG - 800 0.0187 ns 
OPBC16A CTGGTGCTCA - 600 0.0010 0.001 

OPBC16B CTGGTGCTCA 300 - 0.0407 N/Ax 
zP-value based on single-factor analysis of variance between each marker and SSL 
disorder in 93 F2 progeny, segregating 3:1 (susceptible: resistant), and 30 BC1 [(BKB x 
Zuc76) x Zuc76] progeny, segregating 1:1 (susceptible: resistant).ns= X2 value not 
significantly different at P ≤ 0.05 
y’R’ indicates SSL disorder resistant allele and ‘S’ indicates SSL disorder susceptible 
allele   
xSSL resistance is conferred in Zuc76 by a single recessive gene, therefore, OPC07 
and OPBC16B, which are coupled with the resistance allele, could not be tested in the 
BC1 [(BKB x Zuc76) x Zuc76] progeny 
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CHAPTER 4 
DEVELOPMENT OF SCAR AND CAPS MARKERS BASED ON RAPD MARKERS 

ASSOCIATED WITH SSL DISORDER RESISTANCE 

Introduction 

The expression of the recessive gene, sl, imparts resistance to squash silverleaf 

(SSL) disorder in zucchini squash (Cucurbita pepo). The source of this resistance is 

breeding line Zuc76, which exhibits multiple undesirable horticultural characteristics. 

The resistance allele can be introgressed into cultivated varieties and lines that exhibit 

superior horticultural characteristics. The screening of resistance in segregating 

progenies is a resource- and time-consuming process of evaluation of whitefly-infested 

plants after weeks of symptom development in a climate-controlled greenhouse. 

Molecular markers linked to the trait of interest can be used in marker-assisted selection 

(MAS) to identify desired genotypes at the seedling stage, bypassing tedious phenotype 

screening procedures (Zhang et al., 2001).   

Random amplified polymorphic DNA (RAPD) markers for plant breeding 

applications have the advantages of being simple, rapid and cost-efficient (Johnson et 

al. 1995). The technique does not require large amounts of DNA template, radioactivity 

or foreknowledge of DNA sequences (Khampila et al., 2008; Zhang et al., 2001; Zraidi 

et al., 2007). However, RAPD markers are sensitive to PCR conditions, resulting in poor 

reliability between runs (Johnson et al., 1995). Because they are generally dominant, 

RAPD markers usually cannot distinguish heterozygotes from one of the two 

homozygous genotypes (Zhang et al., 2001). The problems associated with RAPD 

markers can be overcome by converting RAPD markers to a sequence characterized 

amplified region (SCAR) markers (Deng et al., 1997; Zhang et al. 2001). The SCAR 

technique involves cloning and sequencing a RAPD fragment before designing primer 
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pairs based on the terminal fragment sequences (Deng et al., 1997). SCAR markers are 

less sensitive to PCR conditions, generally allele specific and potentially co-dominant 

(Zhang et al., 2001). SCAR marker development can be limited by the loss of 

polymorphism between genotypes. This is a result of the tolerance of mismatches by 

the priming sequences resulting in monomorphic SCAR fragments (Deng et al., 1997; 

Zhang et al. 2001). Polymorphisms can be recovered by converting the SCAR to a 

cleaved amplified polymorphic sequence (CAPS), which is achieved by digesting the 

SCAR amplification product by restriction enzymes.  

RAPD markers were previously identified as linked to SSL disorder resistance in 

zucchini squash. In this study, the RAPD fragments were used to develop SCAR and 

CAPS markers for potential use in MAS and gene mapping. 

Materials and Methods 

Plant Material and DNA Extraction 

  A SSL disorder-resistant parent, Zuc76, and a SSL disorder-susceptible parent, 

‘Black Beauty,’ were crossed to generate a segregating F2 generation. DNA was 

extracted from the parents and F2 generation following a modified CTAB protocol 

previously described in Chapter 3. As previously described in Chapter 3, the F2 

generation was used to find RAPD markers associated with SSL resistance. Three of 

these RAPD markers (OPC07, OPL07 and OPBC16) were utilized for SCAR and CAPS 

marker development.  

Cloning and Sequencing of RAPD Fragments 

RAPD primers OPC07, OPL07 and OPBC16 were used to amplify genomic DNA 

from the SSL disorder resistant parent, Zuc76, and the SSL disorder-susceptible parent, 

‘Black Beauty.’ Polymorphic PCR products were separated on 1.5% agarose gels 
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before excision and purification with Wizard PCR preps DNA purification system 

(Promega Corporation, Madison, WI). The purified RAPD fragments were cloned into 

the pGem T-Easy vector (Promega Corporation) following the manufacturer’s directions. 

Three to ten clones for each fragment were purified using Promega Wizard Plus SV 

Minipreps DNA System (Promega Corporation). Successful insertions of the DNA 

fragments into the vector were verified by plasmid digestion by EcoRI and 

electrophoresis. For each RAPD fragment, three clones of expected size were 

sequenced by the method using M13 forward and reverse primers (Eurofins MWG 

Operon Technologies, USA). Sequenced data were compared with the known 

sequence data in the National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov) database using BLASTx program. 

SCAR Primer Design and Amplification 

Oligonucleotide primer pairs of 22 or 24 bases were designed based on the 

sequences of the RAPD fragments using Primer 3 software 

(http://frodo.wi.mit.edu/primer3/). The primers consisted of the original RAPD primer 

decamer sequence plus an internal extension of 12 to 14 bases. Primers were designed 

to avoid primer-dimer or secondary structure formation. Parental genomic DNAs were 

amplified with the new primers using the same reaction volumes and PCR conditions as 

the RAPD amplification excepting annealing temperature, which was set at the optimal 

priming temperature for each primer pair. When the polymorphisms were lost, annealing 

temperatures were modified to determine the effects on the PCR product. The 

annealing temperature was tested empirically over a gradient of 57.9-69C for OPC07 

and OPL07, and 51-61.9C for OPBC16A and OPBC16B. The amplified products were 

http://www.ncbi.nlm.nih.gov/�
http://frodo.wi.mit.edu/primer3/�
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resolved on 1.5% agarose gel, stained with ethidium bromide and visualized under 

ultraviolet light.  

CAPs 

As the three SCAR primer pairs did not distinguish the parental genotypes, the 

SCAR products were screened for cleaved amplified polymorphisms (CAPs) using eight 

restriction endonucleases (AluI,  AvaII, BamHI, EcoRI, HaeIII, HindIII, HpaII, NcoI, NdeI, 

NotI, RsaI). Each 10 µL digest reaction contained 2.0 µL SCAR PCR product, 0.5 µL of 

restriction enzyme and 1.0 µL of 10x restriction enzyme buffer. The reaction was 

performed at 37ºC for 3 hrs. Digested products were visualized on ethidium bromide-

stained 1.5% agarose gel under ultraviolet light. 

Results and Discussion 

Four RAPD products produced from RAPD primers OPC07, OPL07 and 

OPBC16 (Fig. 4-1) were ligated into pGEM-T Easy vectors. Clones containing the 

OPC07, OPBC16A and OPBC16B inserts exhibited more transformed E. coli colonies 

than OPL07. As a result, ten colonies containing the OPC07, OPBC16A and OPBC16B 

fragments were cultured while only three were cultured for the OPL07 fragment. The 

appropriate-sized fragments were recovered from each of the clones containing the 

OPBC16A, OPBC16B and OPC07 amplicons after digestion with EcoRI (Fig. 4-2). Only 

two of the three clones containing the OPL07 fragments produced appropriate-sized 

bands after plasmid digestion. Three of the transformed vectors containing the 

OPBC16A, OPBC16B and OPC07 fragments were submitted for sequencing, while only 

two were submitted for OPL07. The sequences were bordered by the original RAPD 

decamer primers at the 3’ and 5’ ends. The complete sequences were determined by 

combining the reverse and forward sequences. The size of the fragments produced by 
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the RAPD primer were found to be 952 bp for OPC07, 999 bp for OPL07, 554 bp for the 

OPBC16 A band and 306 bp for the OPBC16 B band (Table 4-1). The SCAR fragments 

were subsequently labeled C07S952, L07S999, BC16S554 and BC16S306.  

BLASTx search of the sequences yielded significant homology to sequences in 

the database. The sequence C07S952 produced significant sequence alignment with 

lipoxygenase protein (Accesion: gb|AAB65767.1|). Products of the lipoxygenase 

pathway are used in a number of plant functions, including in defense to stress or 

feeding (Porta et al., 2002). Lipoxygenase transcripts are induced by jasmonic acid, a 

plant hormone that acts as a signaling molecule in response to wounding, such as 

insect damage. The sequences for L07S999, BC16S554 and BC16S306 matched 

hypothetical proteins with unknown functions. 

The SCAR primer pairs failed to differentiate the parental genotypes. Annealing 

temperature was modified to evaluate the effects on the SCAR products but changes in 

protocol did not recover the polymorphisms between the genotypes. In order to 

differentiate between the two parents, the genotypes were screened for restriction site 

polymorphisms in the SCAR product using eight available restriction enzymes. 

Monomorphisms between the parental genotypes persisted and development of CAPS 

markers was unsuccessful. 

Of six RAPD markers found to be associated with SSL disorder resistance, four 

RAPD fragments were selected for isolation, cloning and sequencing for the 

development SCAR and CAPS markers. While the reproducibility of RAPD markers is 

sometimes unreliable due to sensitivity to PCR conditions, SCAR markers are more 
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stable and reproducible between laboratories (Deng et al., 1997; Johnson et al., 1995). 

SCAR markers also have the advantage of being allele-specific.  

During the development of SCAR markers, the polymorphisms in the RAPD 

products differentiating genotypes can be lost. The RAPD polymorphisms are often a 

result of sequence differences of a single to a few nucleotides in the priming sites (Deng 

et al., 1997; Zhang et al., 2001). SCAR primers are designed to extend internally from 

the RAPD priming site.  The loss of the original polymorphisms may occur when the 

extended SCAR primers tolerate the small mismatches in the RAPD priming site   In our 

study, the four SCAR primer pairs were unable to reproduce the polymorphisms of the 

corresponding RAPD primers. The tolerance to priming mismatches can be reduced by 

increasing the annealing temperature. In this study, increasing annealing temperatures 

did eliminate non-target fragments in BC16A and BC16B, but failed to recover 

polymorphisms.  

 Polymorphisms may be recovered through the development of CAPS markers by 

digesting the SCAR products with restriction enzymes. Polymorphisms are a result of 

base mutations in restrictions sites (Deng et al., 1997).  CAPS markers also have the 

advantage of being co-dominant, distinguishing heterozygous from homozygous plants 

(Konieczny et al., 1993). 

A number of methods can be used to continue the development of the SSL 

disorder linked RAPD markers into SCARs or CAPS. Further optimization of PCR 

parameters, primer redesign, sequencing of monomorphic bands and digestion by 

additional restriction enzymes may recover the polymorphisms between the parental 

DNAs (Gutierrez et al., 2006; Zhang et al., 2001). This study found that the 
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modifications of annealing temperatures failed to differentiate between the parental 

genotypes. Another important component of PCR parameter optimization is MgCl2 

concentration, which was not varied in this study (Deng et al., 1997; Zhang et al., 2001).  

The primers were designed to be 22 bp in length with one primer of 24 bp. 

Increasing the length of the SCAR primers up to 27 bp may make them more specific, 

stable and robust (Dheng et al., 1997; Wang et al., 2006). Six of nine RAPD 

polymophisms were a result of mismatches at the primer annealing sites. Extension of 

the SCAR primers would not recover the polymorphism in this case.  

Future work could be focused on further development of the CAPs markers. In 

our study, the undifferentiated SCAR products were digested with eight endonucleases 

in effort to recover the polymorphisms. Moury et al. (2000) screened 25 enzymes for 

possible CAPS markers linked to tomato spotted wilt virus in pepper. Konieczny et al. 

(1993) used up to 50 restriction enzymes in a screen to develop CAPS markers for 

Arabidopsis. Screening additional endonucleases may reveal polymorphisms between 

the parental genotypes. Another approach to CAPS development involves recovering, 

cloning and sequencing the SCAR primer amplicons from both Zuc76 and ‘Black 

Beauty.’ The sequences can be compared and screened for polymorphic restriction site 

mutations, which could be exploited for CAPS marker development (Zhang et al., 2001).  

Lastly, examining sequences of the parental genotypes may yield divergences 

that can be used to recover polymorphisms using redesigned SCAR primers. Zhang et 

al. (2001) observed multiple base substitutions and small indels between the sequenced 

SCAR products of two parental lines of tomato. A forward primer of 22 bp was designed 

to complement a segment containing three base substitutions.  The redesigned forward 
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and the original reverse primer produced the expected polymorphism, amplifying a 

single product in only one of the parental lines. 
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Figure 4-1. PCR amplification products of parental genotypes using random amplified 
polymorphic DNA (RAPD) primers OPC07, OPL07 and OPBC16 showing banding 
pattern between resistant (R) and susceptible (S) plants with a 1 kb ladder (M).
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Figure 4-2. Profiles of EcoRI-digested plasmids containing RAPD fragments from 

primers OPBC16, OPC07 and OPL07. 
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Figure 4-3. PCR profile between the resistant and susceptible parents using sequence 
characterized amplified region (SCAR) marker (A) C07S993 and (B) L07S999 
across a range of annealing temperatures from 57.9º C to 69º C. Arrow 
indicates band size of interest. Band sizes were measured against a 1 kb 
ladder (M). 
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Figure 4-4. PCR profile between the resistant and susceptible parents using sequence 

characterized amplified region (SCAR) marker (A) BC16S554 and (B) 
BC16S306 across a range of annealing temperatures from 61.8º C to 72º C. 
Arrow indicates band size of interest. Band sizes were measured against a 1 
kb ladder (M). 
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Figure 4-5. Digestion patterns between the resistant and susceptible parents using the 

PCR products of C07S993 and L07S999. Enzymes used are AluI (Al), AvaII 
(Av), BamHI (Ba), EcoRI (Ec), HaeIII (Ha), HindIII (Hi), HpaII (Hp), NcoI (Nc), 
NdeI (Nd), NotI (No) and RsaI (Rs). Band sizes were measured against a 1 
kb ladder (M). 
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Figure 4-6. Digestion patterns between the resistant and susceptible parents using the 

PCR products of (a) BC16S554 and (b) BC16S306. Enzymes used are AluI 
(Al), AvaII (Av), BamHI (Ba), EcoRI (Ec), HaeIII (Ha), HindIII (Hi), HpaII (Hp), 
NcoI (Nc), NdeI (Nd), NotI (No) and RsaI (Rs). Band sizes were measured 
against a 1 kb ladder (M). 
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Table 4-1.  Characteristics of four RAPD fragments and their associated SCAR primers 
RAPD Marker   SCAR Characteristics 

            

Name 
Fragment 
Size (bp) 

SCAR 
Name 

Primer  
Pairs 

Sequence 
(5' to 3') 

Primer 
Length (bp) 

OPC07 953 C07S953 Forward GTCCCGACGAGAACGATCCG 20 
      Reverse GTCCCGACGACTCTCAAGAAGC 22 
OPL07  999 L07S999 Forward AGGCGGGAACGGAGTGGAGA 20 
      Reverse AGGCGGGAACACTAGGGCTG 20 
OPBC16A 554 BC16S554 Forward CTGGTGCTCAGGAATAAGAA 20 
      Reverse CTGGTGCTCAAACAAAAAGG 20 
OPBC16B 306 BC16S306 Forward CTGGTGCTCAAACGAAAAGG 20 
      Reverse CTGGTGCTCAGGAACAAGAA 20 
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