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Zucchini yellow mosaic virus (ZYMV) is an important disease of Cucurbita 

worldwide. Resistant cultivars are the best means of control. ZYMV resistance is 

quantitative in the wild species C. ecuadorensis, and is controlled by at least three genes 

in tropical C moschata. Very little molecular work has been done in Cucurbita, and no 

markers are available to assist in selecting for ZYMV resistance genes. 

The objectives of this research were threefold: to develop molecular markers for 

use in breeding for ZYMV resistance, to develop a framework map of Cucurbita, and 

to transfer ZYMV resistance from C. ecuadorensis to C. maxima 'Golden Delicious'. 

The identification of a DNA marker linked to ZYMV resistance from C moschata 

TSIigerian Local' was attempted using random amplified polymorphic DNA (RAPD) 

analysis of resistant and susceptible bulks from the crosses C moschata 'Waltham 

Butternut' x CWaltham Butternut' x TSIigerian Local'). No marker consistently linked 

to ZYMV resistance was identified. Marker polymorphism was 14% between the 

parents. 

The cross C pepo A0449 x (A0449 x TSTigerian Local') was used as the mapping 

population to construct the framework map. The completed map consists of 153 loci 

in 29 linkage groups covering 1,981 cM. Approximately 75% of the Cucurbita genome 

is covered. Three morphological traits, two quantitative trait loci and a putative 

secondary ZYMV resistance gene have been placed on the map; an additional eight 

traits and nine RAPD markers remain unlinked. 

A study of the inheritance of ZYMV resistance was conducted as part of the 

efforts to mark and map resistance. Resistance appears to be controlled by at least 



three dominant genes in C. pepo. Environment and time since inoculation affect 

expression of resistance, and resistance should be treated as a quantitative trait. 

Development of ZYMV-resistant 'Golden Delicious' has progressed through five 

generations. In 2000, thirty-five plants were selected which were fiilly virus resistant 

and had reasonable processing quality. ZYMV resistance levels throughout the project 

were 31% for the F2 and 12% for the first backcross in 1998, 3% for the backcross 

progeny of the 1998 selections in 1999, and 15% for the selfed progeny of the 1999 

selections in 2000. 
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Traditional and Molecular Approaches to Zucchini Yellow Mosaic 
Virus Resistance in Cucurbita 

Introduction 

The genus Cucurbita consists of the pumpkins and squashes indigenous to the 

Americas. There are five cultivated species and seven wild species in the genus. Three 

of the wild species can be readily intercrossed with one or more of the cultivated 

species. The cultivated species most widespread in the United States and worldwide 

are Cucurbitapepo, C. moschata, and C maxima. C. pepo is the most common in the 

United States, and has received the most attention from researchers. Zucchini, yellow 

summer squash, acom squash, the pumpkins used for jack-o-lantems, and most of the 

ornamental gourds are C.pepo. The butternut type of winter squash is perhaps the 

most familiar C. moschata. Much of the canned pumpkin used for pies is also C. 

moschata, as are the calabazas, or tropical pumpkins, of Latin America. Giant pumpkins 

and many traditional winter squash such as buttercup, turban and hubbard are C. 

maxima. The other two cultivated members of the Cucurbita are C. argyrosperma and C. 

ficifolia. These two species are of little commercial importance in the United States, but 

are common in Central America. The wild species are primarily useful as a source of 

disease resistance and other traits. The buffalo gourd, C foetidissima, has potential as a 

source of medicinal and industrial compounds. However, this native of the American 

Southwest cannot be readily hybridized with any of the cultivated species. 

Economic significance of Cucurbita 

The Cucurbita are used primarily as vegetables, but also are a significant source of 

culinary and oil seed as well as having nutriceutical and pharmaceutical potential. 

Worldwide, over 15 million Mt of Cucurbita were grown in 2000(FAO 2000). In the 



United States, 29,742 ha (74,354 acres) of C. pepo and C. maxima pumpkins and 26,983 

ha (67,458 acres) of other squash were grown in 1997 (USDA National Agriculture 

Statistics Service 1997). The national census did not report the value of the squash 

crop. However, if the New Jersey values of $5063/ha ($2,025/ac) for pumpkins and 

$5820/ha ($2,328/ac) for summer squash are extrapolated to the entire nation, the US 

pumpkin crop was worth $151 million in 1997, and the summer squash crop was 

worth $157 million (NJASS, 2000). Pumpkins in the United States are primarily grown 

by small family farms, which market them locally at Halloween. Over 10,000 farms 

grew pumpkins for sale in 1997, an increase of 51% since 1987 (USDA National 

Agriculture Statistics Service, 1997). Most of the other squash grown is C.pepo summer 

squash (including zucchini). Production is concentrated in Florida and California. In 

1998 883,000 cwt. of US-produced squash were shipped fresh within the United States 

(USDA Economics Research Service, 2000). 

Other squash grown commercially in the US includes the C.pepo winter squash, C. 

moschata, C. maxima, and some C argyrosperma. In addition to squash marketed fresh, 

190 million pounds of summer squash and 19 million pounds of cooked winter squash 

and pumpkin were frozen in 1998 (American Frozen Food Institute, 2000). A 

moderate amount of pumpkin and winter squash is canned and sold for pie filling and 

infant food. While these statistics make it clear that Cucurbita is not a major crop in the 

United States, it is a lucrative cash crop and provides agricultural diversity, especially to 

family farmers who may get a sizeable portion of their income from sales of jack-o- 

lantem pumpkins. Cucurbita is also significant worldwide, particularly in Mexico, which 

exported 327 million pounds of fresh squash worth $54 million to the US in 1999 

(USDA Economics Research Service, 2000). 

In Oregon, squash and pumpkins ranks 33rd on the list of the top 40 agricultural 

commodities (OASS, 2000). In 1999, production was worth $9.9 million. This figure 

does not include production of squash seed for the vegetable seed industry. 

Commercial squash and pumpkin production includes C. maxima squash for processed 

puree and culinary seed, C. pepo summer squash for local fresh-market sale and for the 

production of hybrid vegetable seed, C.pepo pumpkins and gourds for Halloween and 



seasonal decoration, and winter squash (C. pepo, C. moschata, and C. maxima) for local 

fresh-market sale. 

The Impact of Viruses on Squash Production 

Plant diseases caused by viruses are a major limiting factor in commercial cucurbit 

production worldwide. The major viruses affecting squash and pumpkins are Zucchini 

yellow mosaic virus (ZYMV), Watermelon mosaic virus (WMV) Papaya ringspot virus (PRsV) 

and Cucumber mosaic virus (CMV). Fields may be infected with individual viruses, or 

with multiple viruses in combination. The primary economic effect of all four viruses 

is to cause blotching and distortion of fruit, rendering it unmarketable. Virus infection 

also causes mosaic and distortion of the leaves and stunting of plants, reducing overall 

photosynthetic output and total yield. 

All four viruses are transmitted in a non-persistent manner by aphids, as well as 

being mechanically transmitted by chewing insects and by workers and equipment, 

especially during harvest. Cultural methods of preventing or delaying virus infection 

focus on controlling the aphid vectors and discouraging them from moving into a 

field. Control methods include insecticides, stylet oils, reflective mulches, windbreaks, 

sequential plantings, and avoiding seasons and locations with heavy aphid populations. 

For instance, summer squash (C. pepo) is an important vegetable crop in the 

southeastern United States, but production is limited to spring and early summer 

because of virus infection of summer and fall crops (Boyhan et al., 2000). Most 

methods of cultural control merely delay infection and the onset of virus symptoms, 

rather than preventing infection for the entire season. However, even a delay of 7-14 

days can result in a significant increase of marketable yield. 

Genetic control of viral diseases in Cucurbitais of three types. The precocious 

yellow gene can mask the fruit mottling of yellow squash caused by WMV, extending 

the production of marketable fruit. The plants still become infected, reducing total 

yield, and the precocious yellow phenotype does not prevent fruit distortion by 

ZYMV (Snyder et al., 1993). Transgenic cultivars of yellow squash have been 



developed which express genes for the coat proteins of ZYMV, WMV, and/or CMV. 

This engineered cross protection prevents severe infection and symptom development 

when plants are exposed to the virus or viruses for which they express coat proteins 

(Fuchs et al., 1998). Zucchini cultivars have been developed which are genetically 

resistant or tolerant to ZYMV, WMV, and/or CMV, with the resistance derived from 

C. moschata TSfigerian Local' (Webb and Tyson, 1997). There are also a few winter 

squash cultivars which are genetically resistant or tolerant to ZYMV and WMV, 

particularly the Australian 'Jarradale'-type C. maxima Tledlands Trailblazer' 

(Anonymous, 1991). However, many types and cultivars of pumpkins and winter 

squash are grown worldwide, and little breeding effort is devoted to improving them, 

with the result that no virus resistant cultivars are available for most types. 

Research Objectives 

The goals of this research were to construct a genetic map of Cucurbita, and to 

address the problems of virus infection in Cucurbita through the identification of 

molecvilar markers linked to resistance genes and through breeding for resistance. The 

map was constructed using use random amplified polymorphic DNA (RAPD) 

markers to analyze the BQ progeny of a C. pepo summer squash x TSfigerian Local' 

population. The population was chosen to maximize the number of segregating traits. 

The goal was to develop a map which would serve as a foundation for further 

mapping studies in Cucurbita, and to map as many morphological traits as possible to 

begin developing markers useful to squash breeders. 

In addressing the problems of virus infection, the decision was made to focus on 

resistance to ZYMV. It is the most significant virus of cucurbits in Oregon, is 

relatively easy to work with, and, at the time this research was begun, was believed to 

be controlled by a single dominant gene. The first approach was to cross the 

susceptible C. moschata 'Waltham Butternut' and TSIigerian Local', and then use bulked 

segtegant analysis to search the segregating BQ progeny for molecular markers linked 

to ZYMV resistance. Such markers could be useful in transferring ZYMV resistance 



into C. pepo, and in developing cultivars with multiple virus resistances. The second 

was to develop a breeding program to transfer ZYMV resistance from the wild 

Cucurbita ecuadorensis into C. maxima squash of the 'Golden Delicious' type. This squash 

is an important processing crop in western Oregon, and ZYMV infection is a 

recurring problem. 

The populations developed for the molecular work and for breeding were 

inoculated with ZYMV and their responses observed. The resulting data were the 

basis for a study of the inheritance of resistance from TSFigerian Local' in C. pepo. 



Literature Review 

The primary trait examined in this thesis was resistance to Zucchini yellow mosaic 

virus (ZYMV). Thus, the literature review begins with a discussion of this virus in 

Cucurbita. The other economically significant viruses of Cucurbita are also discussed for 

comparison to ZYMV, and virus resistance in Cucurbita is compared to that in other 

important cucurbits. This section is followed by a review of the status of genome 

mapping in Cucurbita and the other major cucurbits, and a discussion of the strengths 

and weaknesses of Random Amplified Polymorphic DNA (RAPD) markers, which 

were the primary type used in the molecular work presented here. The final section of 

the literature review covers what is known about the genetic control of the phenotypic 

traits segregating in the mapping population used in chapter two and the breeding 

population in chapter four. 

Zucchini Yellow Mosaic Virus 

Zucchini yellow mosaic virus (ZYMV) is one of the more economically important 

viruses of cucurbit crops. It is also one of the more recendy recognized viruses, first 

isolated in 1973 and described in 1981. It occurs in cucurbit growing areas worldwide. 

Symptoms of severe ZYMV infection in Cucurbita include yellow mosaic, stunting, 

blistering and laminar reduction on leaves, and the development of knobby areas on 

fruit (Prowidenti, 1996). Orange and yellow fruits are often irregularly blotched green; 

pericarp beneath the green blotches fails to ripen. Infection reduces total yields, and 

more importantly, makes the fruit unmarketable. Severity of infection depends on the 

age of the plants at infection, on the strain of ZYMV, and on the environment, 

particularly temperature (Desbiez and Lecoq, 1997). Symptoms are most severe when 

plants are infected early in the growing season. At least 25 strains of ZYMV have been 

identified; they differ in virulence, symptom severity, and in their ability to induce 

symptoms on plants carrying resistance genes. Mixed infections of ZYMV and other 



viruses also result in an increase in symptom severity. Temperature plays a role in the 

speed of symptom development, and the severity of symptoms. At 15-250C in the 

growth chamber inoculated plants developed mottle or mosaic with slight 

deformations, while plants inoculated with the same strains developed severe 

symptoms, including ladniation and shoestringing, when kept at 25-350C (H.A. 

Mahgoub and H. Lecoq, 1995 in Desbiez and Lecoq, 1997). 

ZYMV is spread in a non-persistent manner by a number of aphid species, and is 

easily transmitted mechanically. It appears to over-winter on wild species in areas 

where cucurbits are not grown continuously; little is known about these hosts. Natural 

infection appears to be limited to members of the Cucurbitaceae, but members of 11 

families of dicotyledons are considered diagnostic hosts (Desbiez and Lecoq, 1997). 

Most are local lesion hosts or develop latent infections, but Sesamum indicum (sesame) 

develops severe mosaic and deformation symptoms when mechanically inoculated. 

Resistance to ZYMV has not been identified in C. pepo or C. maxima, despite 

extensive screening (Prowidenti and Alconero, 1985). However, two accessions of C. 

moschata, TSIigerian Local' and Tvlenina', have been found to segregate for resistance 

(Paris et al., 1988; Prowidenti et al., 1984), and resistance may be fairly common in 

tropical C. moschata landraces. Some landraces of C.fidfolia also segregate for resistance 

(Paris et al., 1988). The wild species Cucurbita ecuadorensis is resistant to ZYMV 

(Prowidenti et al., 1984). Resistance from TSIigerian Local' has been transferred into 

butternut-type C. moschata (Munger and Prowidenti, 1987) and into C.pepo. The 

ZYMV-resistant zucchini cultivars developed by American seed companies derive 

their resistance from 'Nigerian Local' (Prowidenti, 1997). C. ecuadorensis hzs been 

widely used as a source of resistance for C. maxima, as the two species cross fairly 

readily (Robinson et al., 1988; Herrington et al., 1991; Tasaki and Dusi, 1990). 

Resistance from C. ecuadorensis has also been transferred into C pepo, resulting in the 

breeding line "Whitaker'. 

Resistance to ZYMV in C. moschata appears to be controlled by a single dominant 

gene, Zym (Munger and Prowidenti, 1987; Paris et al., 1988; Gilbert-Albertini et al., 

1993). When resistance is transferred to C.pepo, the segregation into symptomatic and 



asymptomatic plants fits the expected ratio in the early generations, but repeated 

backcrosses to C. pepo result in significantly fewer resistant plants than expected, and 

overall levels of resistance which are lower that those of resistant C. moschata (Munger 

and Prowidenti, 1987; Kyle, 1995; Paris and Cohen, 2000). This suggests that 

resistance is controlled by a single major gene and one or more unlinked modifiers, 

with the modifiers being ubiquitous in C. moschata but absent in C pepo. Transferring 

multiple unlinked genes via backcrossing is difficult, especially when the genes cannot 

be separately identified via phenotype. This would account for the decrease in both 

the number of resistant plants and the level of resistance. Two modifiers of Zym from 

Menina have been identified by Paris and Cohen (2000) and assigned the symbols Zym- 

2 and Zym-3. Zym-2 and Zym-3 are complementary to Zym (or Zym-1) in that Zym-1 is 

necessary for resistance to be expressed in both C. pepo and C. moschata. Either Zym-2 

or Zym-3 is also necessary for resistance at the seedling stage; both are necessary for 

continued resistance in older plants. The allelism of the major resistance gene (Zym-1) 

from Nigerian Local and Menina has not been determined, nor has an extensive 

survey of C. moschata germplasm been undertaken. 

ZYMV resistance from C. ecuadorensis is also controlled by a single dominant gene 

(Robinson et al., 1988). This gene has also been given the symbol Zym, although it is 

probably not allelic with either (or both) of the resistance genes from C. moschata. 

Several authors studying the inheritance of resistance from C. ecuadorensis in crosses 

with C. maxima have noted that the heterozygote for Zym is less resistant than the 

homozygote, and that variability in levels of resistance suggests the presence of 

multiple modifying genes (Robinson et al., 1988; Herrington et al., 1991). Paran et al. 

(1989) concluded that ZYMV resistance from C. ecuadorensis'is quantitative and 

additive, with a narrow sense heritability of 91%. 

Resistance to Other Viruses in Cucurbita 

Other important viruses in Cucurbita include watermelon mosaic virus (WMV), 

papaya ringspot virus (PRsV), and cucumber mosaic virus (CMV). Some cultivars of 



Cpepo are tolerant of CMV (Walkey and Pink, 1984). Lebeda and Kristkova (1996), 

found that 54% of the accessions they surveyed were resistant to CMV. The 

precocious yellow phenotype of the B gene masks fruit symptoms of WMV (Snyder et 

al., 1993). Kristkova and Lebeda (2000) found two accessions of C.pepo with resistance 

to WMV, and seventeen others that segregated for resistance or were highly tolerant. 

However, resistance to PRsV, like resistance to ZYMV, must be found outside C. pepo. 

Resistant accessions of C. maxima have been identified for WMV (Kristkova and 

Lebeda, 2000; Prowidenti, 1982). Lebeda and Kristkova (1996) found that 89% of the 

C. maxima PI collection was resistant to CMV. A few accessions of C. maxima have 

been found to be highly tolerant or resistant to PRsV (Prowidenti, 1982; Maluf et al., 

1997). However, the C. maxima accessions were resistant either to WMV or to PRsV, 

not to both, and none were resistant to ZYMV. C ecuadorensis is resistant to all three 

viruses, as well as ZYMV and squash mosaic virus. TSIigerian Local' is also resistant to 

CMV, WMV, and PRsV (Kyle, 1995), and 'Menina' has been shown to be resistant to 

WMV as well as ZYMV (Gilbert-Albertini et al., 1993). 

Resistance to WMV from Menina is controlled by a single dominant gene, tighdy 

linked to ZYMV resistance (Gilbert-Albertini et al., 1993). Resistance in Nigerian 

Local is also controlled by a single dominant gene, but it segregates independendy of 

ZYMV resistance (Bolanos-Herrera, 1994). The inheritance of WMV from C. maxima 

and C. ecuadorensis has not been studied. Resistance to PRsV is controlled by a single 

recessive gene in C. moschata (Herrera, 1994) In C. maxima resistance is multigenic, with 

a narrow sense heritability of 36%. Segregation ratios suggest that resistance is 

controlled by three genes with partial dominance (Maluf et al., 1997). Resistance from 

C. ecuadorensis transferred into C maxima appears to be controlled by two genes with 

additive effects and a heritability of 58% (Maluf et al., 1997). This resistance is not 

entirely allelic to the native resistance in C. maxima, as crosses between a resistant 

accession of C. maxima from Bra2il and Ttedlands Trailbla2er', which derives its 

resistance from C. ecuadorensis, resulted in some susceptible progeny. Initial crosses 

between C. ecuadorensis and C maxima 'Queensland Blue' suggested that resistance to 

PRsV is probably polygenic, with additive effects predominant (Herrington et al.. 
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1989). However, Tasaki and Dusi (1990) found that resistance was controlled by a 

single dominant gene in crosses between C ecuadorensis and C. maxima TCurokawa 

Delicious'. These differing results may be related to modifier genes which are present 

in some C. maxima cultivars and not in others. CMV resistance in C. moschata is 

controlled by a single dominant gene (Herrera, 1994). Pink (1987) found that CMV 

resistance in C. pepo was controlled by two unlinked, complementary recessive genes in 

some populations, but that it appeared to be quantitative in other populations. 

Classical Cross Protection 

High levels of virus resistance have been difficult to obtain in squash, particularly 

C. pepo. Breeding resistant cultivars has been hindered by the need to bring genes in 

from other species, by the many modifier genes involved in high levels of resistance, 

and by linkage of resistance genes to undesirable traits. The aphid-spread viruses are 

difficult to control through cultural practices, including insecticides. They cause 

significant economic damage, particularly in summer squash. Cross protection, in 

which plants are inoculated with a weakened or symptomless strain of a virus to 

prevent symptoms when the plant is infected with the normal strain, has been 

investigated by a number of researchers around the world (Fuchs et al., 1997). There 

are two types of cross-protection. Classical cross-protection involves actually 

inoculating individual plants with a mild strain of virus to prevent infection with a 

more severe strain or isolate (Fuchs et al., 1997). This form of cross protection has 

been known since 1929, but it has not been extensively utilized due to the difficulties 

of obtaining useful mild strains and the fear that the live viruses could spread to other 

crops or mutate into severe forms. A weak strain of ZYMV was identified by Lecoq et 

al. (1991) in an axillary branch of a ZYMV-infected melon plant which showed 

attenuated symptoms. This strain has been researched for use in cross-protection of 

zucchini in England (Walkey et al., 1992) and in France (Lecoq et al., 1991). Perring et 

aL (1995) investigated the use of the weak strain of ZYMV for cross protection of 

melon plants in California. They found economically significant virus protection, and 
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that the inoculation of plants with the weakened strain could be done in the field using 

a low-pressure sprayer and dilute virus solution. Field application of the protective 

inoculum is important in crops such as squash that are direct-seeded on a large scale. 

Cross protection of squash with the weak strain of ZYMV has been commercialized in 

Hawaii (Cho et al., 1992). In Brazil, PRsV is the most economically significant virus of 

squash, and two mild strains have been used for cross-protection (Rezende and 

Pacheco, 1998). 

Genetically Engineered Cross Protection 

Plants can also be cross-protected against a virus by being genetically modified to 

synthesize the coat protein of the virus. This engineered protection has been 

extensively pursued in cucurbits, including C.pepo summer squash (Grumet, 1995). It 

involves cloning the coat protein or replicase genes of the virus, inserting the donal 

constructs into plant cells using Agrobacterium tumefaciens, and regenerating plants fiom 

the transformed cells. Transgenic yellow squash lines have been developed which 

express coat protein gene constructs for CMV, ZYMV, and WMV, and these lines 

have been crossed to produce cultivars expressing coat protein genes for all three 

viruses (Fuchs et al., 1998). Transgenic lines have also been developed which express 

coat protein genes for squash mosaic virus (Sheng-zhi et al., 2000). No transgenic 

varieties are available for PRsV. Engineered protection has advantages over traditional 

cross-protection in that the plants do not need to be individually inoculated, and no 

live virus is involved which might spread or mutate (Fuchs et al., 1997). In addition, 

plants can be protected against more than one virus. Fuchs et al. (1998) showed that 

while transgenic plants did contain viruses against which they were protected, they 

were not effective hosts for spread of the virus to susceptible plants, and they did not 

develop symptoms. Transgenic plants with resistance to multiple viruses yield as well 

as or better than uninfected traditional cultivars, making them economically viable 

even if the virus or viruses against which they have resistance is not present (Webb 

and Tyson, 1997). They remain economic even if viruses other than those against 
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which they are protected are present (Fuchs et al., 1998). However, concerns about the 

safety of transgenic crops are a significant market factor, with transgenic cultivars 

being ineligible for labeling as organically grown. In addition, the seed is expensive and 

access must be tightly controlled. Thus, seed companies and plant breeders continue 

to pursue virus resistance through traditional breeding methods. 

Genetics of Virus Resistance in Other Cucurbits 

The other major cucurbit crop species, cuaamber (Cucumis sativus), melon (Cucumis 

meld), and watermelon {Citrullus lanatus), can be damaged by ZYMV, CMV, PRsV and 

WMV. However, resistance genes are more readily available, particularly in Cucumis. 

Cucumber 

There are two major sources of potyvirus resistance in cucumber, the Dutch 

hybrid TDina' and the Chinese cultivar Taichung Mou Gua' (TMG). Resistance to 

ZYMV is controlled by a single recessive gene, with at least two resistant alleles. The 

allele from 'Dina', zynf™, is dominant to the allele from TMG, fgim™G-1. After 

mechanical inoculation of the cotyledons, plants with the ^ynP'™ allele exhibit a distinct 

veinal chlorosis and accumulation of virus limited to the first or second true leaves, 

while plants with the ^ym™01 allele remain symptom-free (Kabelka et aL, 1997). Park 

et al. (2000) found an AFLP marker that cosegregated with ZYMV resistance from 

TMG. 

Resistance to WMV in TMG is of two types. A resistance expressed at the 

cotyledon stage and throughout the plant is controlled by a single recessive gene, wmv- 

2. The second resistance, expressed only in the true leaves, is controlled by an epistatic 

interaction between two genes, the recessive wmv-3 and wmvA, which is either recessive 

and linked at 20-30 cM to wmv-3, or dominant and inherited from the susceptible 

parent (Wai and Grumet, 1995). Wmv-3 is either identical to or very tighdy linked to 
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Zym, and wmv-l is linked to the gene for Fusarium resistance, F (Wai et al., 1997). 

TDina' is susceptible to WMV. 

Both TMG and 'Dina' are resistant to PRsV. Resistance in TMG is conferred by a 

single dominant or incompletely dominant gene Prsv-2, which is linked to the gene for 

ZYMV resistance (Wai et al. 1997). The genetics of PRsV resistance in 'Dina' is 

unclear. A second, recessive gene for PRsV resistance occurs in the cultivar 'Surinam 

Local'; it is at the same locus as the dominant resistance from TMG. Park et al. (2000) 

found that ^ym and Prsv-2 mapped 2.2 cM apart on linkage group Q in a population 

derived from the cross TMG x 'Straight 8'. An AFLP marker co-segregated with ^ym. 

Melon 

The acid melon accession PI 414723 from India has been used as a source of 

ZYMV resistance in C. melo cultivars. Pitrat and Lecoq (1984) reported that resistance 

from PI 414723 was controlled by a single dominant gene (Zym-1). They observed two 

different resistant phenotypes in their F2 population, which they attributed to partial 

dominance. However, Danin-Poleg et al. (1997) reported that resistance in PI 414723 

is controlled by three independent, complementary dominant genes, and that the 

accession population is segregating for ZYMV resistance. Resistance is completely 

dominant, and all three genes are necessary. Anagnostou et al. (2000) also reported 

that ZYMV resistance in PI 414723 is controlled by a single dominant gene, but that 

resistance levels were moderate. The differences in the inheritance reported by the 

different authors indicate that the additional genes for ZYMV resistance identified by 

Danin-Poleg et al. may be fairly common in melon cultivars. Each study used a 

different melon cultivar as the susceptible parent. The differences may also stem from 

the inbred line of PI 414723 used in each study. Pitrat (1991) located the resistance 

gene Zym-1 at one end of group 4 of his linkage map of melon. Danin-Poleg et al. 

(2000a) identified one SSR marker tightly linked to Zym-1, and a second approximately 

30 cM from Zym-2. He also placed Zym-2 on group A of the C. melo map of 

Baudracco-Amas and Pitrat (1996). 
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PI 414723 is also resistant to WMV and PRsV. Gilbert et al. (1994) reported that 

WMV resistance is controlled by a single dominant gene. Anagnostou et al. (2000) 

reported that the genes for WMV and ZYMV resistances are closely linked about 7.5 

cM apart. Resistance to PRsV in PI 414723 is also controlled by a single dominant 

gene, which segregates independendy of resistance to other potyviruses (Anagnostou 

et al., 2000). It is not known whether the PRsV resistance from PI 414723 is allelic to 

the other PRsV resistance genes identified in melon. The PRsV resistance genes from 

PI 180280 and PI 180283 are allelic, and resistance from PI 180280 is dominant to 

that from PI 180283 (Pitrat and Lecoq, 1983). 

Two sources of CMV resistance are known. The resistance from the Southeast 

Asian cultivar 'Freeman's Cucumber' is oligogenic and recessive. Resistance from the 

Korean PI 161375 is also oligogenic, quantitative and recessive (Dogimont et al., 

2000). A codominant SCAR has been developed for one of the resistance loci from 

'Freeman's Cucumber' using bulk segregant analysis. That locus mapped to linkage 

group D of the C. meh map, while a second locus mapped to linkage group A. Using 

the saturated melon map developed in the Pitrat laboratory, Dogimont et al. (2000) 

identified seven quantitative trait loci (QTLs) associated with CMV resistance from PI 

161375. One QTL on linkage group 7 was involved in resistance to all three strains of 

CMV tested, and accounted for up to 76% of the variation. The other QTLs were 

strain-specific. The major QTL was tighdy linked to the recessive allele of the P gene, 

which results in five-lobed fruit. This is disadvantageous for breeders, as three-lobed 

fruit is preferred. 

Watermelon 

The inheritance of virus resistance in watermelon (Citrullus lanatus) has not been 

well studied. Extensive screening studies have been conducted for resistance to WMV 

and ZYMV (Gillaspie and Wright, 1993). In general, the Egusi-type bitter watermelons 

from Africa are resistant to WMV, as are a number of C. colocynthis accessions from 

Iran. Resistance in the Egusi types is controlled by a single dominant gene (Gillaspie 
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and Wright, 1993). Some Egusi-type lines are also resistant to ZYMV (Prowidenti, 

1986; Boyhan et al., 1992). This resistance is controlled by a single recessive gene and 

is not strain-specific (Prowidenti, 1991). However, it is best expressed in warm or hot 

climates. Prowidenti (1991) also found that ZYMV resistance in PI 482261, a landrace 

from Zimbabwe, is controlled by a single recessive gene. However, this resistance is 

strain-specific; PI 482261 and three other accessions from Zimbabwe were resistant to 

the Florida strain of ZYMV but not to the Connecticut strain or the Egyptian strain. 

The allelism of the resistance genes from the Egusi types and PI 482261 is unknown. 

A number of PI accessions are resistant to PRsV, including some of the Egusi types 

(Munger et al., 1984). The inheritance of PRsV resistance has not been determined. 

CMV resistance is also common in watermelon landraces (Prowidenti, 1986). 

The Use and Development of Molecular Breeding Tools in 
Cucurbita 

The development of molecular tools for use in breeding Cucurbita species is still in 

the early stages, particularly when compared to cereal crops such as com and wheat, 

and other vegetable crops such as tomatoes and lettuce. Even the Cucumis species C. 

mlo and C. sativus are far ahead of Cucurbita. One reason for the late development of 

molecular tools in Cucurbita is that all species have twenty pairs of relatively short 

chromosomes. Most morphological traits appear to be unlinked, and many markers 

are required to adequately map the genome. Cucurbita species are of limited economic 

significance in developed countries, and most Cucurbita researchers work on several 

crops. The large size of the plants makes them ill suited to genetics studies, and some 

types require a very long growing season. 

No linkage map of any Cucurbita species existed prior to the development of 

molecular mapping. In the 1980s the use of isozymes revealed that Cucutbitais an 

ancient allotetraploid (Weeden, 1984). Isozymes also provided a marker linked to one 

of the complementary genes responsible for the expression of WMV resistance in 

crosses between C maxima and C. ecuadorensis (Weeden et al., 1986). 
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Many of the species in Cucurbita can be successfully crossed, particularly if embryo 

rescue is used. However, the F1 and later generations of the interspecific crosses are 

frequendy sterile or exhibit reduced fertility (Robinson and Decker-Walters, 1997). 

Isozymes have been used to determine if the reduced fertility was a result of 

chromosomal rearrangement in crosses between C. maxima and C. ecuadorensis. Wall 

and Whitaker (1971) examined the inheritance of leucine aminopeptidase and esterase 

isozymes in a set of C. ecuadorensis x C. maxima crosses and concluded that the 

chromosomal structure of the two species differed in the region of the esterase locus. 

Weeden and Robinson (1986) examined the inheritance of twenty isozymes in the 

cross C. maxima x C. ecuadorensis. They used their data to build the first map of 

Cucurbita. It was based on the F2 of the cross C. maxima x C. ecuadorensis, and contained 

11 isozyme loci in five linkage groups. From the isozyme map Weeden and Robinson 

(1986) were able to determine that the significant decrease in fertility of the F2 and 

backcross generations of crosses between C. maxima and C. ecuadorensis was not a result 

of minor chromosomal rearrangements. 

Lee et al. (1995) developed a RAPD map of an Fj population of a C.pepo x C. 

moschata interspecific hybrid. They screened the parents with 70 10-mer primers from 

the University of British Columbia (UBC 501-570); 15 of the primers were 

polymorphic between the parents. These fifteen primers were used to amplify DNA 

from 40 F2 individuals, resulting in 58 RAPD bands. Forty-seven reproducible markers 

were used to build the map; 28 markers were mapped into five linkage groups. No 

morphological traits or other types of markers were included on the map. The map of 

Lee et al. (1995) was small, and based on a small number of progeny. In addition, they 

selected arbitrary identifiers for the markers on their map, rather than following the 

standard practice of identifying the markers by the primer and the band size in base 

pairs. This prevents comparisons between their map and other Cucurbita maps. The 

map of Lee et al. (1995) is currendy the only published molecular map of Cucurbita. 

Data were collected for a random amplified polymorphic DNA (RAPD) map on a C. 

maxima x C. ecuadorensis population, but the map was never published (N. Weeden, 

personal communication). 
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RAPDs and other molecular marker technologies have been used to do DNA 

fingerprinting analysis within and between Cucurbita species. Jeon et al. (1994) used 

RAPDs to distinguish among Korean cultivars of C. pepo and C. moschata, while Youn 

et al. (1998) used RAPDs to study the genetic relationships among South Korean 

landraces of C. moschata. Stachel et al. (1998) used RAPDs to estimate genetic diversity 

among commercial inbred lines of Austrian oilseed pumpkin, C.pepo var. styriaca. 

Gwanama et al. (2000) used RAPDs to determine the genetic variability present in the 

C. moschata landraces of south central Africa. Baranek et al. (2000) used RAPDs to 

study the genetic diversity within and between species of C.pepo, C. moschata, and C. 

maxima. All the researchers found RAPDs to be effective for determining the 

relatedness of different Cucurbita accessions. Polymorphism levels in Cucurbita are 

moderate. Baranek et al. (2000) found 42.5% marker polymorphism among six 

Austrian C. pepo genotypes and 55.9% marker polymorphism among a disparate 

collection of C maxima. Published estimates of polymorphism in C. moschata range 

from 18.6% to 64.1% (Youn et al., 1998; Baranek et al., 2000). 

Katzir et al. (1998) used microsatellite-anchored sequences as primers (ISSR) to 

classify cultivars of C. pepo; 82% of the ISSR markers were polymorphic. No 

microsatellites specifically designed for Cucurbita have been published, but 

polymorphisms among Cucurbita pepo accessions have been detected using SSRs 

developed for Cucumis. Fifty SSRs were screened, resulting in 14% polymorphism 

(Katzir et al., 1996,2000). There are at least 200 publicly available Cucumis SSRs. 

A number of Cucurbita genes have been characterized at the molecular level and 

cloned. However, this work has been done entirely by molecular geneticists interested 

in the control and functioning of pathways common to many plants. Thus, the genes 

cloned have been of little direct use to squash breeders. Researchers in the laboratory 

of G. A. Thompson at the University of Arizona have studied and cloned the genes 

encoding important proteins in the phloem transport system of C. maxima 

(Leineweber et al., 2000; Clark et al., 1997; Bostwick et al. 1994). Other recendy cloned 

genes in Cucurbita include a calcium-dependent protein kinase from zucchini (Ellard- 

Ivey et al., 1999), a class-3 chitinase (Kim et al., 1999), a glyoxysomal malate 



18 

dehydrogenase (Kato et al. 1998), and an anionic peroxidase (Carpine et al. 1999). 

Cloning of these types of pathway-controlling genes from Cucurbita has been gready 

facilitated by the availability of probes and sequence information from other species 

where genes with the same function have already been cloned. 

Molecular Genetics and Mapping - Cucumis and Citrullus 

Cucumis 

The genus Cucumis contains the best-mapped species of the Cucurbitaceae. Both 

C. sativus, cucumber, and C melo, melon, are economically important crops in much of 

the world, and several large public breeding efforts are devoted to them There are 

currendy five published maps of melon, and two of cucumber. Each of these maps 

has multiple published versions. Efforts are currendy underway to merge the 

cucumber maps (Staub and Serquen, 2000) and the melon maps, and to do 

comparative mapping between the two species (Danin-Poleg et al. 2000b). 

C. melo 

The first linkage map of melon consisted entirely of morphological markers 

(Pitrat, 1991). This map had eight linkage groups and five unlinked markers. 

Baudracco-Amas and Pitrat (1996) constructed the first molecular map of melon using 

the F2 generation of a cross between the French cultivar 'Vedrantais' and the Korean 

cultivar 'Songwhan Charmi'. 'Vedrantais' is a European cantaloupe of the Charantais 

type. This map consisted mosdy of RAPDs and RFLPs, with one isozyme marker, 

four disease resistance loci and one morphological marker; there were 14 linkage 

groups covering 1390 cM. C. melo has 12 pairs of chromosomes and the haploid 

genome length is estimated at 450-500 million base pairs (Arumuganathan and Earle, 



19 

1991). Simple sequence repeat (SSR) markers, an additional RFLP marker and five 

RAPD markers were later added to the map, bringing it to 13 linkage groups covering 

1747 cM (Danin-Poleg et al., 1998) A second, more extensive map was constructed 

using 200 recombinant inbred lines (RILs) descended from the population used to 

construct the first map (Perin et. al., 1998). This map primarily consisted of AFLPs 

and ISSRs; AFLPs have been shown to be randomly distributed across the melon 

genome (Wang et al., 1997). This map had 17 linkage groups, 12 of which had more 

than 10 markers, and covers 1366 cM. The RIL map could be compared with the 

original map of Baudracco-Amas and Pitrat (1996) using markers common to both 

maps. In general, loci were closer together on the RIL map. This group is currently 

using their RILs to build a reference map of melon, with the goals of 12 linkage 

groups and a mean distance between markers of less than 5 cM, many locus-specific 

markers, and many horticulturally important traits (Perin et al., 2000). A version of the 

map has been published with 12 linkage groups, a total length of 1590 cM, and 777 

markers, including 13 genes involved in the control of horticulturally important traits 

(Perin et al., 1998). QTLs for cucumber mosaic virus resistance have also been placed 

on this map (Dogimont et al., 2000). 

Another independent map was constructed by Wang et al. (1997) using the BC, of 

a cross between MR-1 and 'Ananas Yokneum'. This map primarily consisted of AFLP 

markers, with a few RAPD markers and one SSR marker. The 204 markers were 

assigned to 20 linkage groups, fourteen of which had more than ten loci. It covered 

1942 cM. The group developing this map is focused on mapping disease resistance 

genes, particularly Fusarium resistance, and identifying markers for use in marker 

assisted selection. 

A group of Taiwanese researchers has constructed a third map of melon focused 

on downy mildew resistance. They used restriction enzyme digest followed by the 

generation of RAPD markers to map the F2 generation of a cross between a C. melo 

var. makuwa accession and the Asian cultivar 'Sky Rocket' (Liou et al., 1998). The map 

comprises 125 RAPD markers in 29 linkage groups, covering 1347.9 cM. 
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The Spanish melon genome project is focused on constructing a saturated genetic 

map. This map is based on the cross between a Korean melon and the Spanish cultivar 

Tinonet Piel de Sapo' (Olivier et al., 2000). The Korean parent is the same accession 

as was used by Baudracco-Amas and Pitrat (1996) as a parent on their map. The 

Spanish map consists of 385 markers in 12 linkage groups covering 1185 cM with an 

average map density of 3.1 cM per marker. This map is distinctive in that most of the 

markers are RFLPs, and in the inclusion of a number of cloned resistance gene 

homologues. 

Researchers in Israel are also constructing a molecular map of melon, using a C. 

melo var. momordica accession and the cantaloupe cultivar 'Top Mark' as parents 

(Brotman et al., 2000). Their map is largely composed of RFLPs for sequence- 

characterized cDNAs, with particular attention being paid to resistance gene 

homologues. A set of 34 SSRs were screened on this mapping population, the French 

mapping population, and the Spanish mapping population (Danin-Poleg et al., 2000b). 

The SSRs were used to cross-identify seven linkage groups among the three melon 

maps. Nine of the SSRs were also placed on the cucumber map of Kennard et al. 

(1994). 

C. sativus 

Essentially all of the genetic maps of cucumber have come out of the research 

programs at the University of Wisconsin, including the USDA programs there. The 

exception is a linkage map consisting entirely of morphological traits published as part 

of an overall review of known genes in cucumber (Pierce and Wehner, 1990). Knerr 

and Staub (1992) published a study of the linkage relationships among 12 isozyme loci. 

A second isozyme map was constructed by Meglic and Staub (1996). It consisted of 32 

isozyme and morphological markers in four linkage groups, and nine unlinked loci. 

One linkage block of three loci was conserved between this map and that of Knerr 

and Staub (1992). 
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The first true molecular map of cucumber was that of Kennard et al. (1994). It 

consisted of RFLP, RAPD, isozyme, disease resistance and morphological markers. 

Two crosses were used — a narrow cross between an advanced breeding line and a 

slicing cucumber accession from China, and a wide cross between the breeding line 

and the wild form C. sativus var. hardmckii. Two separate maps were constructed, but 

the same set of RFLP probes were used for both, and the authors were able to align 

the two maps. The narrow cross map contained 58 markers in ten linkage groups, 

covering 766 cM. The wide cross map contained 70 markers in ten linkage groups 

covering 480 cM. Cucumber has seven pairs of chromosomes, and the haploid 

genome is approximately 367 million base pairs. Both maps contained unlinked 

markers. Twenty-one markers segregated in both populations. 

Serquen at al. (1997) constructed the second molecular map of cucumber. Their 

map consisted of RAPDs and morphological traits, including QTLs, and was based on 

the narrow cross between a gynoedous determinate breeding line and the monoecious 

indeterminate cultivar 'Arkansas Litde Leaf. Screening of the parental stocks with 

1520 10-mer RAPD primers resulted in 180 polymorphic bands. Eighty of the bands 

were used together with three morphological markers to construct the map. This map 

had nine linkage groups and spanned 599.6 cM. 

Using the computer programs Mapmaker and JoinMap, Staub and Serquen (2000) 

have merged all of the maps described above into two consensus maps of cucumber. 

The two consensus maps, one based on wide crosses and the other on all of the 

crosses, could not be merged because of a lack of common anchor points. The 

narrow-based consensus map contained 134 markers in seven linkage groups spanning 

431 cM, while the wide-based map contained 147 markers in nine linkage groups 

spanning 458 cM. 

Park et al. (2000) constructed a molecular map of cucumber with the goal of 

mapping virus resistance loci, particularly the loci for resistance to papaya ringspot 

mosaic virus and zucchini yellow mosaic virus. Both of these resistances are controlled 

by recessive alleles in cucumber. The mapping population was a set of 48 RILs from a 

cross between the cultivar 'Straight 8' and the virus-resistant accession TMGl'. The 
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map consisted of RAPDs, RFLPs and AFLPs in addition to the disease resistance lod. 

A total of 347 loci were assigned to 12 linkage groups spanning 815.8 cM. It is the 

most saturated map to date. 

SSRs have been shown to be quite useful as anchor points for map-merging. 

Danin-Poleg et al.(2000b) screened 34 SSR markers on the wide-cross mapping 

population used by Kennard et al (1994). Fourteen of the SSRs were added to the map 

of Kennard et al. Nine of these were also mapped in melon, revealing the first hint of 

synteny between the species and suggesting that cucumber linkage group B might be 

the equivalent of melon linkage groups 2 and E. 

Citrullus 

Watermelons are more important economically than squash, particularly in the 

United States. However, they are like squash in that few breeding programs are 

devoted to them, and most of those are seed company programs. If seed companies 

are developing molecular tools for breeding Citrullus, they are not publishing them. As 

a preliminary to building a molecular marker map of watermelon, Zhang et al. (1994) 

analyzed the RAPD marker polymorphism among three cultdgens and one primitive 

watermdon. They found 51.6% marker polymorphism between the primitive 

watermelon and one of the cultigens, but only 10.1% polymorphism among the 

cultigens. Lee et al. (1996) used RAPD markers and HPLC analysis of sugars to 

determine the level of genetic diversity among 39 accessions of Citrullus lanatus. Levi 

et al. (2000) examined the genetic relatedness of 34 plant introduction accessions of 

Citrullus, and five watermelon cultivars. The accessions used in their study were 

selected based on disease resistance. In general, they found that closely related PI 

accessions carried the same disease resistances. Jarrett et al. (1997) constructed a 

microsatellite library for Citrullus and used flanking primers for seven of the simple 

sequence repeats to analyze the phylogenetic relationships among 32 morphologically 

variable and geographically diverse watermelon accessions. Jarret and Newman (2000) 

used the internal transcribed spacer regions of the nuclear ribosomal DNA from the 
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four species of Citrullus to analyse their relatedness. They determined that the newly 

described species C. rehmii was indeed a separate species, and that it was most closely 

related to C. lanatus. Katzir et al. (1996) showed that primers constructed from Cucumis 

SSRs would amplify Citrullus DNA. They found no polymorphism among the three 

lines they tested, but all were C. lanatus vox. lanatus cultivars. 

While Citrullus has not been as extensively mapped as Cucumis, it is slighdy ahead 

of Cucurbita. The first map of Citrullus was based on a cross between C. lanatus and the 

wild species C colocynthis and contained isozymes, seed protein markers, and 

morphological traits (Navot and Zamir, 1986; Navot et al., 1990). This map has seven 

linkage groups; it has not been much used by breeders because the isozyme 

polymorphism within C. lanatus cultivars is very low. Hashizume et al. (1996) 

published a map of Citrullus lanatus containing RAPD markers, RFLPs, isozymes and 

morphological markers. The mapping population was a cross between an inbred line 

and a wild accession, backcrossed to the wild accession. The map contained 62 loci in 

eleven linkage groups, which corresponds to the haploid chromosome number for the 

genus. A second RAPD map has been constructed by Levi et aL(2001). The mapping 

population was the BQ of a cross between PI 296341, which is resistant to Fusarium, 

and the cultivar TSFew Hampshire Midget', which is susceptible to Fusarium but has 

excellent fruit quality. 'New Hampshire Midget' was the recurrent parent. The map of 

Levi et al. contains 154 RAPD markers and a SCAR marker linked to Fusarium 

resistance; its 17 linkage groups cover 1086.3 cM. 

Random Amplified Polymorphic DNA (RAPDs) as a Tool 
for the Identification of Trait-Linked Markers and 
Molecular Map Construction 

In the early days of genetic mapping, there were three types of markers: 

morphological markers, isozymes, and RFLPs. Morphological markers were often the 

most direcdy useful to breeders, but only a few segregate in any given cross, so 

determining the linkages among them is very difficult. Also, many traits can be 
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affected by growing environment and modifying genes. Isozymes are easier to use, and 

being biochemical markers they often have not been direcdy affected by selection. In 

addition, they are codominant, so heterozygotes can be readily detected. However, 

there are a limited number of isozymes, polymorphism is often quite low, and they 

were rarely tighdy linked to morphological traits of interest to breeders. RFLPs are 

also co-dominant markers, and they are stable across populations within a species. 

However, RFLP polymorphism is often quite low, and the construction of RFLP 

probes for a species requires large amounts of DNA and is time consuming (Staub et 

al., 1996). Thus, while RFLPs have been used extensively in well-studied crops such as 

the cereal grains, lettuce, tomato, and even melon and cucumber, they have been 

impractical for low-budget crops such as Cucurbita. 

The 1990s saw the introduction of a number of PCR-based marker technologies. 

One of these was RAPDs (Williams et al., 1990; Welsh and McClelland, 1990), which 

has been widely used by plant breeders to build maps and identify markers linked to 

traits of interest. RAPDs are based on the amplification of DNA using a single primer 

that is constructed arbitrarily without knowledge of the sequence of the genomic 

DNA to be amplified. These primers are usually ten nucleotides long, and several 

thousand different sequences are commercially available. Another widely used marker 

system is amplified fragment length polymorphisms (AFLPs). AFLPs are also PCR- 

based, but differ from RAPDs in that the DNA is first cut with restriction enzymes, 

then ligated to adapters which can have a variable sequence at their 3' ends, and then 

amplified with a pair of primers which have two to four random bases and anneal to 

the adapters (Zabeau and Vos, 1993). Both AFLPs and RAPDs are dominant marker 

systems, generally incapable of differentiating heterozygotes from homozygotes. 

AFLPs generate far more markers per amplification — an average of 30 for AFLPs 

versus four for RAPDs (Staub et al., 1996). However, AFLP markers must be 

visualized with high-resolution electrophoresis, either on polyacrylamide sequencing 

gels stained with silver or radio-labeled, or on a fluorescent imaging system. All of 

these are more expensive, and require more expensive equipment, than the ethidium- 

bromide stained agarose gels commonly used with RAPDs. 
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RAPD markers have been used to create or expand genetic maps in many species, 

including watermelon (Hashizvune et al., 1996), cucumber (Serquen et al., 1997), melon 

(Liou et al., 1998), bean (Adam-Blondon et al., 1994), tomato (Stevens et al., 1995), 

maize (Beavunont et al., 1996), and pea (Rameau et al., 1998). They have also been 

effectively used to identify markers tighdy linked to morphological or disease 

resistance traits of interest by screening near-isogenic lines (NILs) or bulked segregant 

analysis of a population segregating for the trait of interest. Bulked segregant analysis 

(BSA) is based on maximizing the randomness at all loci other than those co- 

segregating with the trait of interest. This is done by using an F2 or other segregating 

generation of a cross between parents of contrasting phenotype, and grouping the 

progeny based on phenotype for the trait of interest (Michelmore et al., 1991). DNA 

from the individuals in each group is mixed and used as a template for amplification 

with RAPD primers or other PCR-based marker technologies. The primary advantage 

of BSA over NILs is that it saves the considerable time and effort involved in creating 

NILs. BSA was designed for detecting markers linked to disease resistance, but it has 

been used for a number of other traits as well, including seedlessness in grapes 

(Lahoghe et al., 1998), sex expression in asparagus (Jiang and Sink, 1997), and skin 

color in apple fruit (Cheng et al., 1996). BSA can also be used with quantitatively 

inherited traits by making the bulks from plants at opposite ends of the bell curve. 

This has been done to identify markers linked to plant architecture in pea (Rameau et 

aL, 1998) and drought resistance in maize (Quarrie et al., 1999). 

Advantages of RAPD Markers 

While RAPDs have many limitations as a marker system, there are still many 

reasons to use them for constructing linkage maps. One reason to use RAPDs is 

expense. Ragot and Hoisington (1993) compared the costs of using RAPDs and 

RFLPs for genotyping in maize, and found them to be comparable. However, they 

noted that RFLPs became prohibitively expensive in developing countries such as 

Mexico, where the radioisotopes needed to visualize the RFLPs cost six times what 
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they do in the United States. The ability to visualize RAPDs without radioactivity or 

expensive fluorometnc primers can be a real benefit, both in developing countries and 

in laboratories away from large university or corporate research campuses, where the 

systems for handling and disposing of radioactive materials may not be available. 

Maize researchers such as Ragot and Hoisington also benefit from the large library of 

publicly available maize RFLP probes, which do not exist for many other species. 

Staub et al. (1996) note that probe development is a major expense of using RFLPs. 

AFLPs would seem to be a more cost-effective alternative to RAPDs, especially if the 

bands are visualized with silver stain rather than radioactivity. Like RAPDs, AFLPs are 

co-dominant, but they result in more bands per reaction and are even better suited to 

automation than are RAPDs. The major drawbacks of AFLPs is that the initial cost of 

setting up the lab is greater than for RAPDs, and the reagents are more costly. 

Depending on the cost of labor, the price difference may be offset by the increased 

number of bands per reaction with AFLPs. 

It is apparent from the literature that RAPD markers can be successfully used to 

construct useful and reliable genetic linkage maps if their weaknesses are taken into 

consideration and compensated for. Optimization of protocols, standardization of 

DNA template concentration, use of a single type and supplier of DNA polymerase, 

attention to actual temperature profiles when programming thermocyclers, and 

replication can reduce many of the problems with repeatability of RAPD markers 

(Rafalski et al., 1994). Careful choice of population structure can prevent loss of 

information caused by the dominant nature of RAPD markers. Secondary sequencing 

of bands linked within 5 cM of traits of interest permits construction of primers that 

are more specific and detection and elimination of co-segregating, non-homologous 

bands, making markers more robust for use in selection. Anchoring RAPD maps with 

SSR markers or other markers that are stable across populations can increase their 

utility. Finally, clustering within the linkage group may be a real result of differences in 

recombination rate, and not an artifact of RAPD markers or any other marker system. 
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Potential Difficulties with RAPD Markers 

There are many drawbacks and difficulties to using RAPDs for mapping and 

marker development. In particular they are less robust than either RFLPs or SSRs. 

Poor repeatability and high sensitivity to reaction conditions are probably the greatest 

drawback to using RAPDs. Jones et al. (1997) report on a study where an optimized 

RAPD package, including protocols and all reagents, was distributed to a network of 

eight European laboratories and the resulting RAPD profiles compared. They found 

that the major bands were consistently amplified by all of the groups, but that the 

other bands obtained were highly variable. This is in contrast to AFLPs and SSRs, 

which were repeated with nearly identical results by all of the laboratories. 

Another problem with RAPDs is that since bands are identified by size rather 

than sequence, they may not actually represent homology. This is more of a problem 

in cladistic studies than in mapping, but it does limit the ability to combine RAPD 

maps constructed on different populations, and it may limit the use of markers for 

trait selection. Yu et al. (2000) found that a sequence characterized amplified region 

(SCAR) created from a RAPD maker tightly linked to a major QTL for common 

bacterial blight resistance in bean was useful in screening a range of populations 

deriving their resistance from the same source. However, it was not effective in 

detecting resistance from other sources. Co-segregating non-homologous bands may 

also limit the usefulness of RAPD markers for marker-assisted selection (Miklas et al., 

1993; Haley et al., 1993). 

Competition between annealing sites is another source of error. In a heterozygote, 

alleles from one parent may be preferentially amplified, leading to false negatives, 

skewed segregation ratios, and erroneous estimates of genetic distance (Hallden et al., 

1996). This is more of a problem in fingerprinting than in mapping. Environmental 

exposure and changes in physiological state have been shown to cause RAPD 

polymorphisms in genetically identical soybean seed (Shatters et al., 1995). This 

suggests that the source of the template DNA, and the condition of the plants or 
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tissues from which that DNA is extracted, could also be a source of variability in 

RAPDs. 

RAPDs and AFLPs are dominant markers; RFLPs and SSRs are co-dominant. 

The dominant nature of RAPDs reduces the amount of information that can be 

obtained, particularly in the F2 generation (Beaumont et al., 1996). However, this loss 

of information can be overcome by working in a population such as a backcross which 

contains only markers linked in coupling, or by mapping only markers amplified from 

a single parent (Tingey and del Tufo, 1993). Dominant markers linked in coupling are 

as efficient for mapping as codominant markers on a per gamete basis. Computer 

software such as Mapmaker can combine the maps of markers linked to each parent, 

as long as care is taken in scoring the data. However, the most information is obtained 

by using populations of RILs or doubled haploids that are free of heterozygotes 

(Beaumont et al, 1996). 

When constructing a low-density framework map for a species, it is desirable to 

have the markers randomly distributed over the genome, so as to achieve complete 

genome coverage with as few markers as possible. Studies differ in their reports of 

random distribution for RAPD markers, and most other marker types. A number of 

factors are involved in marker distribution. First, it is important to distinguish between 

marker distribution between linkage groups on a map, and marker distribution within 

a linkage group. RAPD markers, and many other marker types, have been shown to be 

randomly distributed among linkage groups in many species (Beaumont et al., 1996; 

Park et al., 2000). However, RAPD markers are frequently found to cluster within a 

linkage group (Nilsson et al., 1997; Saliba-Colombani et al., 2000). The tomato genome 

has been extensively mapped, primarily with RFLPs, and the saturated map compared 

to cytological and physical maps for a number of chromosomes (Tanksley et al., 1992). 

Markers on all linkage groups were found to cluster, and these clusters were shown to 

correspond to areas of heterochromatin and reduced recombination on the physical 

and cytological maps. Marker clusters were located around the centromeres on all 

chromosomes, and at the teleomeres of some chromosomes. Twenty-eight percent of 

the markers were located in these clusters. Recombination was reduced by as much as 
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ten-fold in these areas as compared to areas on the chromosome arms. The 

distribution of markers on the tomato map suggests that clustering of markers may be 

more related to the saturation level of the map and the structure of the mapping 

population than to the type of marker. Population size can also influence clustering, as 

small populations are unlikely to detect scarce recombination events. Reduced 

recombination can increase the chances of finding markers linked to introgressed 

segments using BSA, as the introgressed segments tend to be larger. However, it also 

increases the likeliness of linkage drag, which can make transferring a trait from a wild 

or unadapted variety into an elite cultivar difficult (Tanksley et al., 1992). 

The Inheritance of Morphological Traits in Cucurbita 

The Genetics of Fruit Color in Cucurbita pepo 

Fruit color is probably the most-studied morphological trait in Cucurbita; it has 

been particularly well-researched in C. pepo. It is easily the most conspicuous trait, and 

one that gives Cucurbita its reputation as a highly polymorphic genus. Mature fruit 

colors in Cucurbita pepo include multiple shades of green, white, orange, and multiple 

shades of yellow. Fruit can be solid colored, striped, or bicolor. The fruit may be 

striped, and the base color may be flecked and splashed with other, usually lighter, 

colors. The color of Cucurbita fruit often changes over the course of development, and 

may change again during storage of mature fruit. Five developmental stages are 

recognized by geneticists studying fruit color (Shifriss, 1949; Paris et al., 1985). Stage 1 

is anthesis of the female flower, stage 2 is the time of rapid fruit development during 

the 7-14 days immediately following anthesis, stage 3 is intermediate maturity, 

occurring approximately 18-22 days after anthesis, stage 4 is physiological maturity, 

identified by fruit having reached its maximum size and seed maturity, and stage 5 is 

after-ripening. The developmental stages used to study fruit color relate to the stages 
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used in squash production in that stage 2 is the stage at which svunmer squash is 

harvested, stage 4 is the stage at which Halloween pumpkins are harvested and sold, 

and stage 5 is the stage at which most winter squash is sold. 

Base Colors 

Green, Yellow or White Fruit 

The three immature (stage 2) fruit colors native to the edible-fruited C. pepo are 

green, light yellow, and white. "Edible-fruited" refers to summer and winter squash, as 

opposed to the bitter gourds. Sinnott and Durham (1922) found that yellow was 

partially dominant to green, and that white (from scallop squash, C. pepo ssp. oviferd) 

was dominant to both green and yellow. They identified two loci, Y for yellow fruit 

and Wioi white fruit (Table 1-1). Plants that are homozygous recessive at both lod 

have green fruit. Yellow fruit resulting from Y can be distinguished from yellow fruit 

resulting from the precocious yellow gene (B, see below) in that the fruits are green at 

anthesis (stage 1), but turn yellow during stage 2. Schaffer et al. (1984) studied the 

chromoplasts of YYandj^ fruits, and determined that Y controls the timing of 

chloroplast to chromoplast conversion during fruit development. Shifriss (1947) 

confirmed that yellow is incompletely dominant over green in that the heterozygotes 

of a cross between two lines of acorn squash were green at anthesis but ripened to 

yellow, while the homozygotes were either yellow throughout or green throughout. 

Nath and Hall (1963) found similar results in crosses between a yellow scallop squash 

and a zucchini. Scarchuk (1954) also found that yellow is dominant to green, and 

Whitaker (1932) confirmed that white is dominant to green. Sinnott and Durham 

(1922) reported that white is partially epistatic to yellow, such that some crosses 

between white-fruited lines and yellow-fruited lines give the expected ratio of 3 white: 

1 yellow in the F2 while others have an overabundance of white fruits. However, Paris 

(1989) did not consider IF to be epistatic to Y. 
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Table 1-1. The genes controlling fruit color in Cucurbita pepo. 
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Table 1-1. 

Genez      Basic Phenotype Notes References 

I-mc 

(V 

B 

Ep-1, 
Ep-2 

LI (Lp 

L2 

11" (St, 

Li™ 

D 

Immature fruit turns 
yellow 
White fruit Cream 
fruit when 
combined with B. 
Inhibits coloration 
of mature fruit 

Fruit turns yellow 
before anthesis 

Extend the borders 
of precocious 
pigmentation 

Intensifies fruit 
pigmentation from 
stage 2 on 

Intensifies fruit 
pigmentation from 
stage 2 on. Darkens 
lower stem. Turns 
flesh orange in 
presence of B. 

Broken stripes as in 
Caserta, usually in 
mature fruit. 

Broad continuous 
stripes as in 
Cocozelle 

Dark stems and 
fruit 

Recessive allele 
gives light colored 
fruit 

YY turns yellow at stage 2; Yy may 
remain green until stage 3 

Epistatic to R. Complementary to 
B. 

Epistatic to all other fruit color 
genes. 
BB is solid yellow; Bb may be 
bicolored. Epistatic to Yand 
complementary to W. 

Affect only BB and Bb. Additive 
and incompletely dominant. 

The top of a four allele series. 
Results in immature fruit that 
darkens between the vascular tracts 
and matures yellow. 
Complementary to L2, resulting in 
black green fruit. 

Results in immature fruit that 
darkens along the vascular tracts 
and matures orange. Incompletely 
dominant. Complementary to LI 
andB. 

Recessive to LI but dominant to 
//. Complementary to L2 in 
immature fruit, resulting in striped 
fruit. 

Recessive to LI but dominant to 
It" 

Causes fruit color to intensify from 
stage 3 on. Allele I> affects only 
stems. 

Epistatic to IF. May be 
synonymous with D. 

Sinnot and Durham, 
1922; Shifriss, 1947 

Sinnot and Durham, 
1922; Paris et al., 1985 

Clayberg, 1992 

Shifriss, 1955 

Shifriss and Paris, 1981 

Paris and Nerson, 
1986; Shifriss, 1955; 
Globerson, 1969 

Paris and Nerson, 
1986; Paris, 1988. 

Shifriss, 1955; Paris and 
Burger, 1989 

Paris, 2000a 

Paris and Nerson, 
1986; Paris, 1996 

Globerson, 1969; Paris 
et aL, 1985 

2 Uppercase letters denote dominant alleles; lowercase denotes recessive alleles. 

y Symbols in parentheses are synonyms. 
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Gene       Basic Phenotype Notes References 

I1 

Pi 

mo-1, 
mo-2 

Recessive allele 
intensifies coloration 
of immature fruit but 
not mature fruit 
Recessive allele gives 
plain light immature 
fruit 
Recessive alleles at 
both loci causes fruit 
to turn orange at 
maturity 

Linked to D. Complementary to UZ       Paris, 2000b 
such that qi/qiL2/- gives intensely 
colored young fruit that lighten at 
maturity. 
Epistatic to L/. Masked by D and Paris, 1992 
LZ 

Complementary to each other. A Paris, 1997 
dominant allele at either locus results 
in fruit maturing green. Mo-2 is 
linked to D. Masked by B, Y, and W. 
No effect on genotypes JL//- L2/- 
wAd/dtl/H 12/12.         
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Precocious Yellow Fruit 

The locus known as B, for bicolor, is probably the most economically significant 

color gene in Cucurbita. It is certainly the most thoroughly studied. When homozygous 

dominant, B causes squash fruits to be yellow from the time the female flower bud is 

formed through maturity, regardless of the other color genes present (Table 1-1). 

Schaffer et al. (1984) found that in fruit from plants of genotype BB, the plastids in the 

skin convert direcdy from proplasrids to chromoplasts, while in bb fruit the proplastids 

become chloroplasts, which may later convert to chromoplasts depending on the other 

genes present Plants heterozygous for B have preanthesis ovaries that are bicolor 

yellow and green with the area of each color being highly variable, both within and 

between plants. Bicolor fruit are differentiated from striped fruit by the polar 

orientation of the yellow and green sections (Shifriss, 1981b). Shifriss also reported the 

existence of a third allele at B in the "pear" background, IT, which resulted in bicolor 

fruit when homozygous dominant, and never gave completely yellow fruit However, 

allelism tests have not been sufficient for the official acceptance of B" (Paris, 1989). 

There are actually two B loci, with essentially the same phenotype. B1 is found in C. 

pepo, while B2 is found in C. maxima (Shifriss et al. 1989). B is epistatic to Y when 

homozygous; Schaffer et al. (1984) found no differences in the chromoplasts of 

mature fruit from plants of genotypes BB YY and BByy. B is complementary to W, 

producing cream mature fruit color. 

B was first identified by Shifriss (1955) while studying the bicolor ornamental 

gourds (C.pepo ssp. oviferd). He found that attempts to create pure inbred lines of 

bicolor gourds resulted in gourds that were either entirely green or entirely yellow. 

Crossing a yellow inbred with a green one restored the frill range of bicolor patterns in 

the F^ However, some inbred lines that had been entirely green-fruited produced 

occasional bicolor offspring, indicating the spontaneous mutation of b to various 

dominant alleles (Shifriss 1981b). The frequency of mutation at the B locus suggests 
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that a transposon may be involved; this has not been investigated. Shifriss identified 

four dominant alleles at the B locus — the stable B and B" alleles, and the unstable 

alleles B"* and B""". B™* results in an unstable green-fruited line capable of producing 

bicolor-fruited offspring, as opposed to a stable green-fruited line, bb. B™"1 results in 

plants that are predominantly green-fruited, with occasional bicolor fruits. Shifriss 

concludes that the varying phenotypes associated with the B locus are a result of both 

genetic instability during gametogenesis and differential regulation of gene expression 

in the two ends of the fruit, resulting in the bicolor phenotype. 

Shifriss (1955) transferred the B locus from a persistently yellow-fruited line of 

"pear" into inbred lines of various edible-fruited types. After 30 years of study he 

determined that B represented a second system of fruit color genes, independent of 

the fruit color genes Y and W, and that B masked the effect of these other genes 

(Shifriss 1981b). The B gene was transferred to the edible-fruited C.pepo, resulting in 

golden zucchini, acorn and pattypan (scallop) squash cultivars. It is also used in many 

straightneck and crookneck hybrids to improve the color of the very young fruit and 

to mask symptoms of watermelon mosaic virus. The B gene slows the growth of fruit 

from squash types other than the yellow squash (Schaffer and Boyer, 1984) and gives a 

slim fruit shape, both of which allow the fruit to become slighdy more mature without 

losing quality. The yellow color increases the speed and efficiency of harvest (Paris et 

aL, 1983). In C.pepo types grown for mature fruit, the B gene imparts an intense 

orange color to the rind and flesh, and increases carotene content of the flesh (Paris et 

al., 1986). It also prevents regreening of the mature fruit in storage (Schaffer and 

Boyer, 1983). 

Inhibition of mature fruit color: L, or l-mc 

Sinnott and Durham (1922) made one cross between a white fruit with green 

stripes and a plain white fruit which gave an F2 segregating 3 plain : 1 striped. This led 

them to believe that striping was controlled by a recessive allele. However, all 
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subsequent researchers have shown that striping is dominant (see above). Clayberg 

(1992) re-analyzed the data of Sinnott and Durham, and proposed that the excess of 

plain white fruits in this cross was due to the independent segregation of a dominant 

inhibitor which prevents the production of any color in mature fruit. This locus is 

different from the IF of Sinnott and Durham, which reduces the color of the mature 

fruit. Clayberg uses the symbol i^for the inhibitor locus, and gives the genotypes of 

the parents as i^i^StjSt W/Wy/yand. I^/I^st/st W/Wy/y. The gene was entered 

into the Cucurbita gene list with the symbol I-mc (Robinson and Hutton 1996). A 

dominant allele at St results in a striped phenotype only when 1^is homozygous 

recessive, which accounts for the plain white fruit in the F, and the 3 plain : 1 striped 

ratio in the F2. The phenotype of imf/imfSt/st is identical to that of the dominant allele at 

Color modifiers 

In addition to the "base color" genes JB, Y and W, there are a number of genes 

that modify the colors of Cucurbitapepo fruit at various stages of development. These 

genes are responsible for much of the variation in color found in the mature fruit, 

including dark green-black, orange, and striped. Other modifiers are only detectable in 

the immature fruit. 

Extending the effects ofB: Ep-1 and Ep-2 

From his earliest studies of precocious fruit pigmentation conditioned by gene B, 

Shifriss found that the extent of the yellow pigmentation was highly variable, both 

between plants and among the fruits on a single plant. In the course of transferring the 

B gene from Trecocious Small Sugar 'to' Table Queen,' an exceptional individual was 

found which was bicolor in an F^ population where all other plants produced 
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uniformly yellow fruits (Shifriss and Paris, 1981). Comparison of the F2 generation 

from the bicolor plant with Fj generations from normal yellow plants enabled Shifriss 

and Paris to identify two modifiers of B, one from each parent of the original F,. 

These modifying genes were designated as Ep-1 and Ep-2 for extender of the 

boundaries of precocious pigmentation (Table 1-1). These modifiers are present in 

many lines that are homozygous recessive for B; they appear to have no effect. The 

action of the modifiers is additive, and the two loci produce the same phenotype. In 

plants heterozygous for B, the presence of 2-4 dominant Ep alleles results in fruit 

which is uniformly yellow with green peduncles and corollas, while plants with 0-1 

dominant Ep alleles have bicolor fruit. In plants homozygous for B, the presence of 0- 

1 dominant Ep alleles results in yellow fruits whose peduncles and corollas are slighdy 

yellowed at the point of fruit attachment while the presence of 2-4 dominant Ep alleles 

results in yellow fruits with yellow peduncles and corollas. However, the extent of 

precocious pigmentation is also gready affected by non-genetic factors, resulting in a 

continuously variable phenotype. 

Pigment intensifiers: L1 and L2 

The loci JL/ and L2 are complementary dominant genes that condition intense 

color throughout fruit development (Paris and Nerson, 1986). The existence of a gene 

controlling the intensity of fruit color, rather than the color itself, was first noted by 

Shifriss (1955) in his studies of the inheritance of striping in crosses between the pear 

gourds, Fordhook zucchini, and the yellow squash Early Prolific Straightneck. He 

concluded that the intense color of the zucchini, capable of masking the stripes of the 

gourd, was controlled by a gene he named JL The recessive allele was responsible for 

the light color of the yellow squash. Similarly Globerson (1969) identified a gene, 

which he called C, responsible for the appearance of fruit which began green and 

turned white at maturity in a cross between a persistendy white vegetable marrow 

(White Bush or Sihi Lavan) and a persistendy green zucchini (Fordhook). The 



38 

dominant allele of C conditioned green immature fruit, while the recessive allele gives 

very light colored fruit, regardless of the mature color of the fruit. 

Paris et al. (1985) made crosses among four light-fruited cultivars with the 

purpose of clarifying the control of color intensity in young fruit. The four cultivars 

used were Early Prolific Straightneck, Sihi Lavan, Spaghetti Squash, and Benning's 

Green Tint (a light-fruited scallop squash). They found that all of the crosses gave only 

light-colored immature (stage 2) fruit, indicating that the L of Shifriss and the Cof 

Globerson are synonymous. The symbol JL is preferred for this locus, as wild C.pepo 

gourds are intensely colored. This gene is the same as the JL/ gene identified by Paris 

and Nerson (Paris 1989) (Table 1-1). 

In the course of a breeding program to transfer the dominant allele of L, from 

Fordhook zucchini to Vegetable Spaghetti, Paris and Nerson (1986) discovered that 

segregation for fruit color intensity did not fit the expected single-gene segregation 

ratios. They concluded that the parental lines differed by three genes, all dominant in 

Fordhook zucchini and recessive in Vegetable Spaghetti. One of the genes, which they 

called D, primarily determined peduncle and stem color. The D locus is discussed in 

detail below. The other two genes, symbolized as JL/ and JL2, affect the color intensity 

of immature fruit (Table 1-1). L,/ and JL2 are complementary and independent, and 

one or both is incompletely dominant. They can be distinguished in some 

backgrounds by the pattern of light pigmentation in immature fruit, and by the color 

of mature fruit. The genotype ///// 12/12 results in uniformly light immature fruit and 

white or light yellow mature fruit. The genotype JL//JL/ 12/12 results in immature fruit 

which darkens slighdy between the vascular tracts and turns yellow at maturity while 

fruit of genotype ///// hi/1-2 darkens slighdy along the vascular tracts and turns 

orange at maturity. Dominance at both loci results in intensely colored immature fruit 

that remain black green at maturity (Table 1-2). 
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Table 1-2. Phenotypic effects of LI and L2 in rind of Cucurbitapepo fruit. 

Genotype 
Phenotype 

Stage 2 Stage 3 Stage 4 
blbylyl1ll1l2ll2 
blbylyUjU 12112 

blbylyl1ll1l2lL2 

b/by/yL1/L1l2/L2 
b/b Y/YL1/L1 L2/L2 

light green 
light green with darkening 
between vascular tracts 
light green with darkening 
along vascular tracts 
dark green 
dark muddy green 

light green 
yellow green 

white or light yellow 
medium yellow 

B/B y/y LI/LI L2/L2       yellow 

gray green medium orange 

black green black green 
muddy yellow- intense orange 
orange 
intense yellow intense orange 

Paris and Nerson (1986) concluded that L1 and L2 primarily control the timing 

of the loss of pigment as squash fruit matures. This control is somewhat additive, in 

that more dominant alleles results in a later loss of pigment, with the homozygous 

dominant at both lod remaining intensely pigmented through maturity. It should be 

noted that L1 and L2 affect both chloroplasts and chromoplasts, such that plants 

carrying the dominant allele at B are more intensely yellow in the presence of 

dominant alleles at LI and/or L2 (Table 1-2). Plants with dominant alleles at Y, LI, 

and L2, but recessive at B, have fruit that is intense muddy green when immature, 

turning intense muddy yellow-orange followed by intense orange (Table 1-2) (H.S. 

Paris, personal communication). 

Striped Fruit 

Stripes are defined in Cucurbita as bands of alternating colors running from the 

peduncle to the blossom end of the fruit. Many wild and ornamental Cucurbita gourds 

have stripes, including the bicolor pear gourds intensely studied by Shifriss (1955, 

1981b). Edible-fruited types with striped fruit include the Italian Caserta and 

Cocozelle, the American Delicata, the oilseed pumpkins, and some Mexican 

pumpkins. 
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Striping was first studied by Sinnott and Durham (1922). Based on a cross 

between a line with solid white fruit and one with white fruit with green stripes, they 

concluded that striping was controlled by the recessive allele at a single locus. 

However, in crosses between solid yellow fruited lines and lines bearing white fruit 

with yellow stripes, the Fj was always striped, suggesting that striping was dominant. 

However, the F2 generation differed greatly between pedigrees, and they were unable 

to explain the results. Clayberg (1992) reported that their F2 data from these crosses 

did fit the expected 3:1 ratio if only striping was considered, and color ignored. Shifriss 

(1947) found that the F, generation of crosses between striped varieties and plain 

varieties was always striped. Scarchuk (1954) studied the inheritance of striping in 

crosses between 'Early Prolific Straightneck', which is solid yellow, and 'Caserta', 

which has immature fruit which are pale green with darker green stripes. He found 

that striping was controlled by a single dominant gene, to which he assigned the 

symbol St. Globerson (1969) found that the striping allele from 'Caserta' was also 

dominant over plain white fruit color. 

Shifriss (1955) studied the inheritance of striping in crosses between striped pear 

gourds, 'Early Prolific Straightneck', and 'Fordhook' zucchini. He concluded that the 

inheritance of striping was related to the inheritance of fruit color intensity, such that 

in crosses between striped gourds and the intensely-colored zucchini striping was 

recessive, while in crosses between striped gourds and the light-colored yellow 

straightneck striping was dominant. He also found that the non-striping allele from 

Early Prolific Straightneck was associated with very lighdy pigmented fruits, such that 

fruit dominant for both St and Y ripened orange, while those dominant for Y but 

recessive for St ripened light yellow if homozygous for Y and cream if heterozygous 

for Y. Based on these results, Shifriss proposed that striping was actually controlled by 

an allele of the pigment intensity gene L He assigned the symbol /* to this allele, 

which is recessive to JL but dominant to /. 

Paris and Burger (1989) further analyzed the inheritance of the striping pattern 

from 'Caserta' in relation to the JL/ and JL2 genes for intensity of fruit color by 

crossing 'Caserta' with 'Vegetable Spaghetti' lines of known genotype. They concluded 
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that the striping pattern in immature fruits was controlled by the //st allele of LI and 

the dominant allele L2 in a complementary fashion, while in mature fruits only //st was 

necessary for striping. However, L2 enhances the contrast of light and dark stripes. 

Thus the genotype of 'Caserta' is //st///st L2/L2, while the 'Vegetable Spaghetti' lines 

were ///// 12/12, LI/LI 12/12, and ///// JL?/LZ The F2 generation between Caserta 

and the completely recessive 'Vegetable Spaghetti' produced fruit with black-green 

stripes on a gray-green ground which matured to orange-yellow with black-green 

stripes (like 'Caserta'), fruit with yellow-green stripes on a white-green background 

which matured to yellow with orange-yellow stripes (genotype //"/7/st 12/12), fruit 

which was solid gray-green maturing to orange-yellow (genotype ///// L2/L2), and 

fruit which was white-green maturing to yellow (like 'Caserta'). The segregation into 

these four phenotypes fit the expected 9:3:3:1 ratio in the Fj. Testcrosses to the other 

two 'Vegetable Spaghetti' genotypes showed that //" is independent of L2, and that it 

is either allelic to L1 or very tightly linked. 

They explain the single gene results of earlier researchers by showing that 'Early 

Prolific Straightneck', the plain parent used by Scarchuk and Shifriss, is homozygous 

dominant for L2, while the white parent used by Globerson segregates for //st and is 

homozygous recessive for L2. Caserta is homozygous dominant for L2. The gene 

symbol lfx has been accepted as the correct symbol in place of St (Robinson and 

Hutton, 1996). Paris and Burger note that the stripes of the heterozygotes in their 

crosses were narrower than those of Caserta, suggesting that there is a dosage effect 

involved. They also note that most C. pepo have stripes which are broader and more 

contiguous than those of Caserta. 

Paris (2000a) studied the inheritance of striping in 'Cocozelle', which has broad 

contiguous stripes unlike the broken stripes of 'Caserta'. He determined that broad 

striping is controlled by a fourth allele at L1, to which he assigned the symbol L1  '. 

The dominance hierarchy is L/>L/BSt>//St>//. 
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Other effects of L2 

In addition to the basic pigment intensifying described above, L2 has a number of 

other effects. One is its role in the expression of striping controlled by //st. L2 also 

interacts with the B gene to produce orange flesh in plants with the genotype B/-L2/- 

(Paris, 1988). In lines that contain the dominant allele at L2 and the recessive allele at 

D, stems are dark for the first several nodes or contain dark streaks. Peduncles remain 

light. This pattern is masked by the dark stems and peduncles of D (Paris and Nerson, 

1986). 

Dark Stems and Fruit 

The primary effect of the dominant allele at D is to darken stems, resulting in the 

green-black stem color common in zucchini and many orange pumpkins. Globerson 

(1969) studied the inheritance of stem color in a cross between White Bush', having a 

light green stem, and a zucchini with a dark stem. He found that dark stem color was 

controlled by a single dominant allele which he designated as D. He also found that 

dark green stem color was linked to fruit color such that plants with persistent white 

fruit almost always had light green stems, and plants with white fruit that matured 

green had dark green stems. This can be interpreted as linkage between his gene D and 

his gene K. Later researchers have found that D is pleiotropic, and causes fruit which 

is lightly pigmented when immature to become intensely pigmented at intermediate 

maturity (Table l-l)(Paris and Nerson, 1986). Fruit darkening from D can be 

distinguished from that caused by LI and L2 in that it occurs at intermediate maturity, 

rather than in immature fruit. There is also an allele of D, termed D1, which causes 

dark stems but does not intensify fruit color. This allele was identified in Early Prolific 

Straightneck and is recessive to D but dominant to d (Paris, 1996). Plants homozygous 

for D1 have peduncles that are dark green at the stem end, gradually lightening to 
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yellow at the fruit end. Heterozygous plants have dark stems at the base of the plant 

but often have light peduncles. 

The color reducing gene r 

Globerson (1969) identified a locus he named r (recessive white) from a white 

vegetable marrow (C.pepo ssp.pepo) which resulted in white fruit color when 

homozygous recessive, with pale green dominant to white (Table 1-1). R determines 

intense fruit pigmentation beginning in intermediate maturity, but R is epistatic to W 

(Paris and Nerson, 1986) In a study of the synonymy of LI and C, Paris et al. (1985) 

found that crosses between Early Prolific Straightneck and Sihi Lavan (the white 

vegetable marrow of Globerson) predominantly produced fruit which were intensely 

colored at intermediate maturity. Segregation in the F2 fit the expected ratio of 3:1 

intense : light, suggesting that the intense fruit color of Early Prolific Straightneck is 

conditioned by the dominant allele of Globerson's R locus. The recessive allele at R 

gives fruit that are white at maturity. Crosses between Early Prolific Straightneck and 

Benning's Green Tint produced predominandy light colored fruit. Paris et al. 

concluded that Bennings Green Tint carries both gene Wof Sinnott and Durham 

(1922) and gene R, with IF epistatic to R.. More recent work with Sihi Lavan (Paris, 

1989) has shown that the recessive white phenotype in that line is actually caused by 

the D gene combined with the two L genes (genotype d/d 11/1112/12). Paris concluded 

at that time that R is probably synonymous with D. This is also supported by 

Globerson's original segregation data. However, in a study of the fruit and stem color 

genes in Early Prolific Straightneck, (Paris 1996) he reports that Early Prolific 

Straightneck contains an allele of D which does not affect fruit color, that it is 

homozygous dominant for U2, and also possesses a dominant gene for coloration of 

medium intensity in fruit of intermediate maturity. Paris does not address the question 

of whether this dominant gene is R, but R remains on the gene list for Cucurbita 

species (Robinson and Paris, 2000). 
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Quiescent intense (qi) 

D, L.1 and L2 account for much of the genetic variation in the intensity of fruit 

coloration in squash. However, there is also a recessive gene, qi, which intensifies the 

color of immature fruits but does not affect mature fruit color (Table 1-1) (Paris, 

2000b). This gene was first discovered in the pumpkin cultivar 'Jack O' Lantern', 

which has intense green immature fruit and orange mature fruit Most American C. 

pepo pumpkins have light green immature fruit which darken to black-green at 

intermediate maturity and then turn orange. In the Fj of a cross between Jack O' 

Lantern and Vegetable Spaghetti, the young fruits were all light colored. In the F2, the 

segregation fit a ratio of 3 intense: 13 light for the color of the young fruit, suggesting 

that intense fruit color was caused by the interaction of two genes, one recessive and 

one dominant. Testctosses showed that the dominant gene was L2. The recessive gene 

was qi. Like LI, qi interacts with L2 to produce intense color in immature fruits. 

However, its phenotype differs from that oih.1 in that the intense color fades as the 

fruit matures. Qi may be weakly linked to D; the F2 of the cross between Jack O' 

Lantern (D/D qi/qi) and Vegetable Spaghetti (d/dQi/Qi) produced an excess of D/- 

qi/qi individuals and a lower than expected number of d/d qi/qi individuals. 

Plain light fruit coloration (p\) 

Another recessive gene affecting the color of immature squash fruit is p/, for plain 

light (Table 1-1). This locus conditions the plain light phenotype even in the presence 

of a dominant aUele at L/ (Paris, 1992). The usual darkening between the vascular 

tracts of LI/- fruit does not occur. This gene was identified when a series of crosses 

between the pale green vegetable marrow 'Beirut' and 'Fordhook Zucchini' resulted in 

a complete absence of F2 individuals with the Light type 1 phenotype and an excess of 

plain light individuals. Further testctosses led Paris to conclude that Fordhook 

Zucchini has the genotype D/D LI/LI L2/L2p//p/, 'Beirut' has the genotype d/d 
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///// 12112pi/'pi and 'Vegetable Spaghetti' has the genotype d/dl1/l112/12 PI/PI. 

Plants homozygous recessive for ^/express the plain light phenotype regardless of the 

alleles present at L/. The double heterozygote, U/11 P///>/has lighter Type 1 fruits 

than normal, suggesting that either PI ox. U is incompletely dominant. D and JL? are 

completely epistatic to^>/. The plain light locus segregates independendy of the other 

known color loci. 

Turning orange at maturity: mo-1 and mo-2 

Most acorn squash cultivars have green fruit that remain green through maturity, 

unlike most other squash that are orange or yellow at maturity. However, acorn squash 

differ from zucchini, which also remain green, by having light green immature fruit. 

Zucchini (genotype LI/LI L2/L2) are dark green throughout fruit development. 

Paris (1997) studied the inheritance of fruit color in crosses between an inbred derived 

from the old acorn squash 'Table Queen' and genetic stocks of Fordhook Zucchini 

and Vegetable Spaghetti. He found that the light green immature fruits of 'Table 

Queen' are a result of the genotype ///// L2/L2. The fruits darken at intermediate 

maturity due to 'Table Queen' also being D/D. However, 'Table Queen' does not turn 

orange at maturity like other squash with this genotype because it also has dominant 

alleles at two additional loci, mo-1 and mo-2. These mature orange loci are 

complementary, and result in green color loss prior to maturity when homozygous 

recessive (Table 1-1). Either of the two corresponding dominant alleles is sufficient for 

retention of green color through maturity. Mo-2 is linked in coupling to D, with 

approximately 15% recombination. Most domesticated C.pepo are probably 

homozygous recessive at both mo-1 and mo-2, while wild C.pepo appear to carry the 

dominant alleles. Genes W, Y, and B are epistatic to mo-1 and mo-2, and the genotypes 

L1 /- L2/- and d/dl1 /I112/12 are unaffected by either mo-1 or mo-2. 
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Fruit Color Genes in Cucurbita moschata and Cucurbita 
maxima 

Much of the work on the inheritance of fruit color has been done in C. pepo. 

However, some loci controlling fruit color have been identified in C moschata and C. 

maxima. Fruits of the C. moschata varieties common in temperate zones are usually a 

pale tan or buff color at maturity, while tropical C. moschata fituit are generally dark 

green or bright green with lighter stripes, speckles, and blotches. Fruit colors in C. 

maxima are even more variable than in C. pepo and include red-orange, orange, yellow, 

white, gray, blue, and shades of green. 

Precocious yellow 

Like C pepo, C. maxima contains a gene for precocious loss of chlorophyll in the 

fruit. This locus, termed B-2, is not allelic to the B locus of Cpepo (Shifriss, 1991). In 

C. moschata hybrids containing both B-/ and B-2, B-2 is epistatic to B-1. The phenotype 

of B-2 differs from that of B-1 in several ways; most notably B-2 is completely 

dominant and does not produce bicolor fruit when heterozygous (Shifriss, 1986). The 

B gene has been present in some North American C maxima cultivars for a very long 

time. The source of B-2 for Shifriss' studies was an Indian accession, PI 165558, which 

has unstable precocious yellow stems as well as precocious yellow ovaries. The C. 

moschata — C. maxima hybrid used in the studies had stable precocious yellow stems. 

Most precocious yellow C maxima cultivars have green stems; Shifriss et al. (1989) 

hypothesize that PI 165558 carries a second gene, tighdy linked to B-2, which 

conditions yellow stems. However, this hypothesis has never been tested in full. Later 

research (Shifriss, 1994) suggests that the gene regulating the stable precocious 

yellowing in stems in the presence of B-2 may actually have come from C moschata, 

and not from the C maxima source of B-2. Shifriss' intensive study of the relationships 

between the two B genes has been complicated by the presence of at least two 
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modifying genes in his population (the above-mentioned modifier from PI 165558, 

and Ses-B from the source of 13-/), and by the strong environmental effects on 

expression of precocious yellowing, particulady in the leaves. 

In addition, there may be multiple B genes, or multiple alleles at a single locus, in 

C. maxima. Work by C. Shifriss (1987) on crosses between precocious yellow lines and 

green lines of standard C. maxima cultivars showed that the B gene present in the 

precocious yellow cultivars is recessive. This is in opposition to work by O. Shifriss 

(1986) showing that the B gene from PI 165558 is dominant. The B gene from the 

standard cultivar 'Gold Nugget' was dominant when crossed to C. moschata or Cucurbita 

ecuadorensis (C. Shifriss, 1987). However, when the inheritance of the B gene was 

analyzed in the BC3F2 generation of a C. moschata line containing the B gene from 

'Gold Nugget', it was found to once again be recessive. Allelism studies between PI 

165558 and 'Gold Nugget5 or other standard cultivars have not been reported. 

A precocious yellow phenotype native to C. moschata has not been reported, but 

both B-1 and B-2 have been transferred into the species (Shifriss, 1986). B-1 has been 

transferred from C.pepo to C moschata, and found to behave in the same manner, both 

genetically and phenotypically, as in C.pepo (Paris et al., 1986). It is being used in the 

tropics to develop better-adapted alternatives to the precocious yellow zucchini (Delia 

Vecchia et al., 1993) The expression of B-2 is highly variable in C moschata, both 

because of regulator genes and because of varying intensity of the alleles at B-2. This 

instability is intensified by the environment, such that B-2 may operate as a recessive 

gene at times (Shifriss, 1993). The B gene from the North American C. maxima 

cultivars has also been transferred into C. moschata (C. Shifriss, 1987). That gene 

appears to be more stable than the B-2 gene from PI 165558. Interestingly, two new 

mature fruit colors were observed in lines of Waltham Butternut carrying the B gene 

from Gold Nugget. Mature fruit of Waltham Butternut is normally tan, but in the 

presence of the B gene orange and green fruit were also obtained. The orange color 

appears to be a result of the complementary action of the B gene and another gene 

that inhibits pigmentation when recessive. Thus A/- B/- results in orange fruit, A/- 

b/b results in green fruit, and a/a B/- inhibits pigment formation, resulting in tan fruit 
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Presumably, a/a b/b also results in tan fruit, although this was not tested. The 

relationship between gene A and Gr has not been studied; they may well be the same 

as Waltham Butternut' is gr/gr. 

Genes for Green and Mottled Green Fruit in C. moschata 

Two genes have been identified which control fruit color in C. moschata. Gr 

conditions green fruit color which is dominant over buff (Robinson, 1987). Most 

tropical C. moschata probably contains Gr, while temperate cultivars are mosdy gr. A 

separate locus controls the presence or absence of lighter patterning on green fruit. 

Cardosa and Delia Vecchia (1993) studied the inheritance of solid green versus 

motded immature fruit, and found that mottling was controlled by a single recessive 

allele they called motded light and dark green (m/dg). This locus probably controls 

mottling in mature fruit as well. 

Genes for Blue, Green and Red Fruit in C. maxima 

Lotsy (1920) found that red-orange color was dominant over dark green in a cross 

between 'Turks Turban' (red-orange with cream stripes) and 'Hubbard' (green-black). 

The dominance is not entire, as the F1 and many F2 fruits are red-orange with green at 

the blossom-end. Blossom-end greening is very common in C. maxima, particularly in 

orange-fruited cultivars. There are clearly other modifying genes segregating in Lotsy's 

population, as some F2 fruits are light orange and others are either cream or white, but 

he did not explain the inheritance involved. Hutchins (1935) studied the inheritance of 

fruit color in Hubbard squash, crossing a dark green inbred with a blue one. He found 

that green is incompletely dominant over blue, such that the F2 segregated 1 green : 2 

light green : 1 blue. However, Lotsy reported that gray or blue skin was dominant to 

green and brown. In an extensive review of the Cucurinta genetics literature, Robinson 
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et al. (1976) reports that Hutchins found orange to be monogenic dominant over blue, 

but no gene has been identified. 

Genes for other fruit traits 

Warts 

Fruits of C. pepo, C. moschata, and C. maxima can all have rough protuberances or 

warts on the rind of mature fruit, as can the fruits of some wild species. Sinnot and 

Durham (1922) identified three skin textures among C.pepo summer squash: warty, 

smooth, and moderately warty (only a few scattered warts). In crosses between 

moderately warty lines and smooth lines, they obtained a ratio of 3 warty:! smooth in 

the F2, suggesting that a single dominant gene was responsible for warty fruit. This 

gene has been included in the Cucurbita gene list, symbolized by Wt (Hutton and 

Robinson, 1992). When Sinnot and Durham (1922) crossed extremely warty fruit with 

smooth fruit, segregation in the F2 fit a 15:1 ratio, and the degree of wartiness was 

highly variable. These results suggest that extreme wartiness is conditioned by two 

complementary genes, both dominant. Schaffer et al. (1986) studied the inheritance of 

warts in crosses between the moderately warty 'Early Prolific' and the smooth-skinned 

'Fordhook Zucchini' and 'Small Sugar'. They found that warts were controlled by a 

single dominant gene, and that wartiness was epistatic to hard rind (Hr). The 

inheritance of wartiness in C. moschata and C. maxima has not been studied. 

R\n6 Hardness (Lianification) 

Many types of C. pepo and C. maxima have very hard, lignified rinds when mature. 

Hard rind is particularly common among summer squash and the hubbard winter 

squash. Since the advent of scientific breeding of Cucurbita, hard rinds have been 
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selected against, as they make the fruit difficult to cut and can cause gritty particles in 

processed squash puree. However, hard rind does prolong the storage life of fruit. 

Hard rind in C.pepo is controlled by the dominant gene Hr (Mains, 1950). This 

gene may actually control the activity of phenylalanine ammonia lyase (PAL) in the 

fruit rind (Schaffer et al., 1986). PAL is a key enzyme in lignin biosynthesis. 

Preliminary results from the work of Schaffer et al. suggest that there may also be an 

inhibitor under separate genetic control which regulates the shut-off of PAL in the 

fruit rind. This inhibitor would account for the intermediate level of rind hardness in 

'Fordhook Zucchini' as compared to the very hard 'Early Prolific Straightoeck' and the 

unlignified 'Small Sugar'. Warts on the fruit rind are projections of the lignified tissue. 

Thus, only fruits with lignified rinds can have warts. The effect of the proposed PAL 

inhibitor on the size and formation of warts has not been examined; this inhibitor may 

account for the bigenic inheritance of wartiness in Sinnott and Durham (1922). The 

extremely warty parent in their cross was a gourd, but the smooth-skinned parent was 

not identified. Schaffer and Boyer (1984) found that the precocious yellow trait was 

associated with reduced rind hardness in C. pepo lines that were jy and did not normally 

have yellow immature fruit. This reduction in rind hardness was not related to Hr, or 

to the proposed PAL inhibitor. However, it does explain much of the susceptibility of 

precocious yellow cultivars to cracking during handling. 

The hard rind of wild C. maxima (ssp. andreand) is dominant over soft rind in 

crosses with C. maxima cultivars (Whitaker, 1951). In crosses between C. maxima and 

C. ecuadorensis segregation for rind hardness is apparendy due to segregation of a gene 

from C. maxima inhibiting the formation of hard rind. Hi (Herrington and Brown, 

1988). This suggests that there may be two genes for rind hardness in C. maxima. No 

studies of the inheritance of rind hardness in crosses between cultivars with hard and 

soft rind have been reported. 
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Fruit Flesh Color and Carotenoid Content 

Flesh color in Cucurbita ranges from white through cream and yellow to various 

shades of orange, and may include greenish tints. Summer squash generally have light 

flesh, while winter squash usually have yellow, or orange flesh. In C. pepo, white versus 

cream or pale yellow flesh is controlled by a single dominant gene, Wf, with white flesh 

dominant (Sinnot and Durham, 1922). K^appears to be epistatic to both Y and B in 

the fruit flesh, such that carotenoid content does not increase when Y or 23 is 

introduced into a line with ^(Paris, 1994). Orange flesh is caused by an interaction 

between the fruit color genes L2 and B; plants with dominant alleles at both loci have 

orange flesh (Paris, 1988) The addition of the dominant allele at JL/ does not appear to 

affect flesh color, but it does result in a severalfold increase in carotenoid content 

(Paris, 1994). Bicolor fruits which are also dominant for JL2 have orange flesh where 

the rind is yellow, and pale or greenish flesh where the rind is green (Paris, 1994). The 

dominant allele at Y results in increased carotenoid content of flesh, and flesh which is 

cream colored instead of pale. 

Intense yellow and orange flesh colors have been selected for in winter squash as 

they are an important positive component of sensory quality (Murphy et al., 1966). 

They are also associated with high carotenoid levels. Carotenoid levels are controlled 

by multiple genes, but heritability is moderately high (Kubicki and Walczak, 1976). 

Precocious yellow cultivars have very high pro-vitamin A levels, but 40% less starch 

than closely related cultivars with green-black rinds. High starch content is an 

important component of sensory quality in pumpkins and winter squash. In addition, 

precocious yellow cultivars generally have poorer yields as the fruit is smaller and 

weighs less. However, most processing varieties of C. maxima are precocious yellow, as 

the resulting orange rind color hides rind particles in the processed product. The 

intense flesh colors of C. maxima are apparently due to high levels of the purple 

pigment zeaxanthin (Hidaka et al., 1987). Zeaxanthin is not present in C. moschata, 

which generally has paler flesh than C. maxima, and lower carotenoid levels. There 

does appear to be a dominant gene controlling intense fruit rind color in C. moschata; it 
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causes chlorophyll accumulation in the fruit flesh, turning it greenish or brownish. 

This gene might be of use if combined with the B gene, which should keep the flesh 

orange (Paris, 1994). 

Fruit Shape 

Fruit shape is another highly variable trait in Cucurbita. Shapes in C. pepo range 

from flat discs throvigh oblate, round and oblong spheres to the elongated cylinders of 

the svimmer squash. Some C. moschata, such as Butternut, are elongate or pyriform, but 

most are round. C. maxima fruits may be oblate, rovind or oblong spheres, or they can 

taper at one or both ends. Fruit shape is one of the principle traits used for 

intraspecific classification of Cucurbita (Paris, 1986). 

The inheritance of fruit shape in C pepo was extensively studied by Sinnott, who 

published at least 13 papers on the subject between 1922 and 1936. He worked 

primarily with pure lines of disc-shaped scallop squash, some spherical lines derived 

from scallop squash, and lines derived from the elongated cultivar 'Fordhook' 

(Sinnott, 1922; Sinnott and Hammond, 1930). He determined that there were two 

types of genes responsible for fruit shape, "flatteners" and "elongators". The 

elongators might actually be inhibitors of flattening (Sinnott, 1927; Sinnot and 

Hammond, 1930). In a cross between a disc-shaped fruit and a spherical fruit for 

which the shape difference is controlled by a single locus, the disc shape will be 

dominant and segregation in the Y2 will fit the expected ratio of 3 disc: 1 sphere 

(Sinnott, 1922). The gene Di for disc shaped has been added to the Cucurbita gene list 

based on this portion of Sinnott's work (Hutton and Robinson, 1992). However, 

Sinnott (1927) found that spherical-fruited lines derived from different cultivars 

contained different genes for shape, such that a cross between two spherical-fruited 

lines could yield a disc-shaped Fj and an Y2 that contained discs, spheres, and 

elongated fruit. These genes for shape were additive, with two or more dominant 

alleles resulting in disc-shaped fruit and the homozygous recessive being elongate. 

Further studies of long-fruited squash lines from different sources showed that there 
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were also genes that inhibited flattening, such that the dominant allele resulted in 

elongate fruit. These genes appeared to be complementary to the genes for flatness in 

an additive fashion, such that a plant with two genes for flatness and one inhibitor 

would have much the same fruit shape as a plant with a single gene for flatness 

(Sinnott and Hammond, 1930). Microscopic observation of the developing fruit from 

reproductive primordia to mature fruit revealed that the "flatteners" and "elongators" 

may be related to two types of growth in the ovary. "Elongators" were associated with 

lengthening of the central carpellary tissue and with the production of a sterile neck at 

the base of the ovary, while "flatteners" were associated with the thickening of the 

inner layer of the ovary wall, particularly in the equatorial region (Sinnott and Durham, 

1929). This thickening was responsible for the scalloping of the edges of the disc- 

shaped fruits. Interestingly, Sinnott and Durham noticed some thickening of the inner 

wall in spherical fruits, suggesting that this growth might actually be more related to 

ribbing or lobing than to fruit shape. The production of a sterile neck occurs only in 

elongate fruit. Fruit shape was independent of fruit size, but variations in size could 

blur the lines of segregation into different fruit shapes, especially when three or more 

shape genes were segregating. Thus Sinnott found it helpful to conduct shape 

measurements on ovary primordia of a constant size, as the segregations were sharper 

at this stage (Sinnott, 1932). 

Other researchers have also studied the inheritance of fruit shape in Cucurbita. 

Emerson (1910) crossed a crookneck squash with a scallop squash and found that the 

Fj was spherical and the F2 showed a continuous segregation from one parent to the 

other. Whitaker (1932) crossed pear-shaped gourds with disc-shaped scallop squash 

and found that the difference in shape was controlled by a single gene, with disc 

dominant. No round fruits were obtained. In a cross between zucchini (cylindrical) 

and acorn squash (turbinate) Nath and Hall (1963) found that the Yx was an 

intermediate form which was long, tapering at both ends, but more so at the blossom 

end, and that this intermediate form was dominant to the cylinder of the zucchini 

parent. The same results occurred when the cylindrical parent was 'Caserta'. The long 

shape of the zucchini and Caserta was dominant to the disc shape, but the 
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segregations were complex, with the disc shape not always present in the F2. Hutchins 

studied the inheritance of fruit shape in both Cpepo and C. maxima in the 1930's and 

1940's (in Robinson et al., 1976). In Cpepo he found that the neck of elongated fruit 

was controlled by a single dominant gene, as were the scallops on disc-shaped fruit, 

and points at the blossom end. In C. maxima he found that protrusion of the ovary, as 

in turban squash, was controlled by a single dominant gene, and that a single major 

gene plus modifiers distinguished oblate and cylindrical fruit. 

Genes Affecting Leaves and Stems 

MoMe Leaf 

Mottle leaf is defined by the formation of angular silvery areas in the vein axils of 

Cucurbita leaves. These silvery areas result ficom the palisade cells in the leaf not being 

pressed closely to each other or to the epidermal layer (Scarchuk and Lent, 1965). The 

trait is found in C. pepo, C. maxima, and C. moschata, and is controlled by a single 

dominant gene in all three species (Coyne, 1970, Scarchuk, 1954, Scott and Riner, 

1946). The same symbol, M, has been assigned to the mottling gene in all three 

species, but it is unclear if actual allelism tests have been conducted. Coyne reported 

considerable variation in the extent of mottling in the F2 of crosses between molded 

and uniform-leafed C. moschata. In one cross, he was able to distinguish the 

heterozygote from the homozygous dominant based on the extent of the mottling. 

This was not possible in another cross, and Coyne hypothesizes that the extent of 

mottling in C. moschata may be affected by modifier genes. No such variability was 

reported in Cpepo or C maxima. In a preliminary study, Shifriss (1984) reports on a 

cross between an unmottled C. pepo and an unmottled C moschata which resulted in 

many mottle-leafed plants in the F2, suggesting that the M gene is not fully allelic in 

these two species. 
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Shifriss (1982b) investigated and reported a relatively common trait in C.pepo 

known as silvery leaf. This trait imparts a solid silvery-green, basically the silver color 

of the mottled areas in motded leaves extended over the entire leaf surface. Leaves 

first become silvery in the seedling stage. As with mottled leaves, the silvering is more 

pronounced under high light intensity (Shifriss, 1981a). The M gene is the primary 

gene responsible for silver leaf, but an unknown number of modifying genes are also 

involved (Shifriss, 1982b). The silvery leaf trait is of interest because plants with silver 

leaves have an increased ability to escape infection with aphid-transmitted viruses 

(Davis and Shifriss, 1983). Light reflected from silvery leaves has an increased 

proportion of wavelengths in the 700-400 nm range, similar to light reflected from 

reflective aluminum mulch (Shifriss, 1983), and aphid-trapping experiments showed 

that more aphids were repelled by plots of silvery-leafed plants than by plots of green- 

leafed plants (Shifriss, 1984). The silvery leaf trait should not be confused with leaf 

silvering caused by the sweet potato whitefly (Paris, 1993). 

Genetic Yellowing in Leaves: Ses-B 

The B genes in both C. pepo and C. maxima cause precocious loss of chlorophyll in 

fruit, as described above. In some genetic backgrounds and under certain 

environmental conditions, they can also cause yellowing of other plant parts, 

particularly leaves. In his studies of the inheritance of gene B-/ in C.pepo, Shifriss 

identified one genetic factor controlling the expression of precocious yellowing in 

leaves. The selective suppressor of B {Ses-lS) is a dominant gene which prevents leaf 

yellowing in the presence of B (Shifriss, 1982a). It is incompletely dominant, with the 

heterozygote having greenish-yellow leaves and being particularly sensitive to 

environmental variation. Ses-B segregates independendy of B, but has no expressed 

phenotype in bb plants. 
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Internode Length: Vine or Bush? 

In many vegetables, such as bean and tomato, the "bush" phenotype is actually a 

determinate phenotype, resulting in a smaller plant than the indeterminate "vine" 

phenotype. However, in Cucurbita, the difference between "bush" and "vine" is based 

on internode length; both types are indeterminate. There is a gene conditioning a 

determinant phenotype in C. moschata, but it is not present in most bush cultivars 

(Kwack, 1995). 

Wild Cucurbita are running vines which often reach great lengths and use tendrils 

to climb over shrubs and trees in search of sunlight. The older domesticated types are 

somewhat less vigorous but still viney, often becoming quite large. However, the bush 

habit is also quite old in C. pepo, apparently having been selected prior to the 

introduction of Cucurbita to Europe. Illustrations of bush pumpkins and scallop squash 

appear in Renaissance herbals of the late sixteenth century (Paris, 2001). Bush or short 

vine forms of C moschata and C. maxima are also known. The bush habit is most highly 

developed in the summer squash types, where a small, open, upright bush is preferred. 

The bush habit has long appealed to squash growers and breeders, as it allows more 

plants to be grown in a given space, and makes harvesting simpler. Bush plants may 

produce female flowers earlier than vine plants of the same type, produce more female 

flowers, and yield more (Edelstein et al., 1989). Its inheritance has thus been of 

interest to Cucurbita geneticists since the beginning. 

Sinnott and Durham (1922) were among the first to study the inheritance of bush 

habit in summer squash. They found no true vines among their inbred lines, but many 

with a tendency to run. When the running types were crossed to normal bush types, 

the F1 was intermediate and the V2 contained a preponderance of bush types. 

However, variation was continuous and the two phenotypes were difficult to 

distinguish. Shifriss (1947) studied the inheritance of growth habit in a cross between a 

bush line of 'Table Queen' and the viney cultivar from which it was derived. He found 

that bush habit was dominant early in the season and recessive late in the season. In 

both cases the segregation ratios indicated a single gene. This apparent reversal of 
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dominance was due to the heterozygous individuals becoming viney as they mature. 

Grebenscikov (1958) found that bush habit was controlled by a single dominant gene 

plus an unknown number of modifiers. The gene symbol Bu has been accepted for the 

dominant gene controlling bush habit in C.pepo and C maxima (Hutton and Robinson, 

1992). 

Nath (1965) studied the inheritance of growth habit between a vine acorn squash 

line and two upright bush summer squash lines. He fovind that the basic segregation in 

the F2 fit the expected 3:1 segregation (with vine dominant) at the end of the season, 

but that the length of the vines varied widely. The backcross generations failed to fit 

the expected ratios. Nath concluded that there was a quantitative component to the 

inheritance of vine length and growth habit. Edelstein et al. (1989) studied the bush 

trait in spaghetti squash. They found that the vine parent was significandy longer than 

the bush parent and the F,, and that the Fj resembled the bush parent much more 

closely than it did the vine parent. They concluded that in spaghetti squash bush habit 

is completely dominant over vine. Om et al. (1988) obtained similar results in a cross 

between a bush 2ucchini and a viney accession. The differences between the results of 

these later studies and the earlier ones may be due to modifying genes linked to Bu in 

zucchini, as Fordhook Zucchini was the original source of the bush allele in spaghetti 

squash. Edelstein et al., 1989) do note that the intemodes of Fordhook Zucchini were 

even shorter than those of the bush spaghetti squash cultivar used in their study. An 

alternative possibility is that there are two slighdy different genes or alleles for bush 

habit in C. pepo, one in acorn squash and the other members of subspecies ovifera, and 

the other in zucchini and the other members of subspecies pepo. The two subspecies 

were independendy domesticated, so bush growth habit may have been selected 

multiple times. 

No gene for bush habit has been identified in C. moschata. "Bush" C. moschata 

cultivars are actually short vines, lacking the upright habit of C.pepo bush plants. 

Kwack and Fujieda (1986) crossed zucchini to a viney C.pepo — C. moschata hybrid that 

had been selected for C. moschata characteristics. The purpose of the cross was to 

transfer upright bush habit to C moschata. They studied the inheritance of the bush 
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trait. The Fj showed transgressive segregation, with the intemode length exceeding 

that of the vine parent, and the F2 showed a continuous range of vine lengths from 

slightly longer than the zucchini parent to significandy longer than the vine parent 

Denna studied the physiological and morphological differences between near- 

isogenic lines of 'Table Queen' differing primarily for plant habit (Denna and Munger, 

1963; Denna, 1963). Bush squash are considered to be brachyatic dwarfs in that they 

differ from normal plants only in the length of their intemodes, rather than being 

smaller overall. He found that the bush plants had fewer ground parenchyma cells 

than vine plants, and that the individual cells were shorter. He also found that bush 

plants were heavier than vine plants. The shortening and thickening of ground 

parenchyma cells in the stems of bush plants appears to be caused by a lack of 

gibberellic acid, as application of exogenous gibberellic acid resulted in significant stem 

elongation in the bush plants. No effect was seen when vine plants were treated with 

gibberellic acid. Daylength and light intensity affected petiole length, but not vine 

length. Denna also confirmed Shifriss' results, finding that the first sixteen intemodes 

of heterozygotes are similar in length to the intemodes of bush plants, and that higher 

intemodes are longer. However, Denna found that the actual length of the "vine" 

intemodes of heterozygotes was intermediate between the parental intemode lengths. 

In studies of bush and vine C. maxima Denna and Munger (1963) found that the 

reversal of dominance was similar to that in C. pepo, except that the "vine" intemodes 

were as long as those of the vine parent. Zack and Loy (1979) found that late season 

intemode lengthening in bush-type C maxima was a response to decreased light 

intensity and the ratios of red to far-red light. They also found that the compactness of 

bush plants (genotype Bu/Bu) is enhanced by fruit set, which essentially stops vine 

growth. Vine growth does not stop in vine (bu/bii) or hybrid (Bu/bti) plants. Denna 

and Munger made crosses between C. pepo and C. maxima to examine the allelism of 

the Bu genes in the two species. Preliminary results from the F, suggested that the 

genes are allelic, but the Fj was sterile, preventing analysis of segregation in the Fj. 
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Powdery Mildew Resistance 

Powdery mildew is a fungal disease of cucurbits caused by Erysiphe cichoracearum 

and Sphaerothecafuliginea. It primarily infects older, fruit-bearing plants (McGrath and 

Thomas, 1996). E. cichoracearum is more problematic on Cucurbita, while both 

pathogens are serious problems in cucumber and melon. Rhodes (1964) transferred E. 

cichoracearum resistance from the wild Cucurbita lundelliana to C moschata, and determined 

that it was controlled by a single dominant gene. Cucurbita martine^ii is another source 

of powdery mildew resistance; this resistance has been transferred into C. pepo and 

breeding lines released (Waschek and Munger, 1983; De Vaulx and Pitrat, 1979; 

Metwally et al., 1996). Resistance from C martine^i appears to be controlled by a single 

dominant gene in seedlings, and to be incompletely dominant in mature plants (Contin 

and Munger, 1977). Lebeda and Kristkova (1994) found that the butternut types of C 

moschata and the acorn, scallop and crookneck types of C. pepo have field resistance to 

both types of powdery mildew. Adenjii and Coyne (1983) found that powdery mildew 

resistance in butternut types of C. moschata is controlled by three alleles at a single 

locus. Arora et al. (1992) found that field resistance to powdery mildew in C. pepo 

summer squash was multigenic and primarily additive. This was confirmed by 

Liebovich et al. (1995), who found that resistance has a heritability of approximately 

79%. Most commercial summer squash hybrids are now highly tolerant of powdery 

mildew; many carry the resistance gene from C. martine^ii. 
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A Framework Map of Cucurbita 

Introduction 

Research in genetics and to a lesser extent breeding, is becoming increasingly 

dependent on knowledge of the actual genome. We now have the tools to find 

markers linked to both simply and quantitatively inherited traits, to clone-genes, and to 

create transgenic plants. However, many of these techniques are dependent on a 

reliable genomic map. Highly saturated maps have been constructed for most high 

value crop species, allowing researchers to use the full range of genetic tools and 

techniques. In Cucurbita, as with many minor crop species, little genetic work has been 

done, and there is no useable map. This map is intended as a fitamework to be built 

upon in further research as we seek to locate markers useful to breeders, determine the 

genetics of complex traits, and study evolution and species divergence in Cucurbita, and 

higher-level divergence among the Cucurbitaceae. 

The primary objective of this study was to develop a genetic map of Cucurbita that 

could be used as a starting point for future mapping efforts. A secondary objective was 

to identify markers linked to traits of interest to breeders, particularly markers linked 

to ZYMV resistance from Cucurbita moschata 'Nigerian Local.' Other traits in this study 

included time of flowering, leaf mottle, leaf shape and texture, plant habit, fruit shape, 

color, and surface texture, and powdery mildew resistance. 

Materials and Methods 

Plant Materials 

The mapping population consisted of 162 BQ individuals from a cross between 

the Sunseeds yellow straightneck squash inbred A0449 and TMigerian Local'. The 
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yellow squash was the recurrent parent. 'Nigerian Local' was chosen as a parent 

because it is the source of potyvirus resistance most used by both public and private C. 

pepo breeding programs in the United States (Prowidenti 1997). The yellow squash 

A0449 was chosen because it is resistant to powdery mildew, which is a persistent 

problem in the winter greenhouse, because of its bush habit, and because it contrasts 

with 'Nigerian Local' for many traits, including fruit color. The TSIigerian Local' 

population used in this work was only partially inbred, and segregated for a number of 

traits including fruit color and surface texture. However, it appears to be completely 

inbred for ZYMV resistance, in that no inoculated TMigerian Local' plants have 

developed virus symptoms. TSFigerian Local' is very sensitive to inbreeding, so no 

attempt was made to create an inbred line. However, any heterozygosity in the 

"Nigerian Local' parent would not affect the mapping population, as only a single Fj 

plant was used. 

The initial cross was A0449 x TSfigerian Local'. It was made in the greenhouse at 

Sunseeds in Brooks, Oregon in 1997. A single F, plant was obtained. It was crossed in 

both directions to A0449; the population used in this experiment was from the cross 

with A0449 as female and the F, as male. It is not known if the reciprocal crosses 

differ in any way, as the population with the F, as female has not been planted. 

The BQ was seeded into 7.5 cm (3 inch) pots in growth chambers on September 

19, 1999. The plants were kept in the growth chambers for approximately five weeks 

under conditions of 270C day/ 210C night with 16 hovirs of light. When plants had 1-2 

true leaves, the leaves were harvested for DNA extraction and the seedlings 

transplanted to 20 L (5 gallon) pots in the greenhouse. Plants were grown to maturity 

in the greenhouse. They were arranged in three rows running the length of each 

bench, with approximately 10 cm between pots. All plants were staked to keep them 

upright, except for the TSfigerian Local' plants, which were trellised. Temperatures 

ranged from 240C to 320C; supplemental light (16 hr day, 8 hr night) was provided by 

high intensity metal halide and sodium vapor lights hung 1.3 m above the benchtop. 

The BCj plants were hand-pollinated to produce fruit for data on fruit traits. If 
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possible, the plants were selfed, but if they failed to set selfed fruit after a few tries, 

they were sib-pollinated. 

Morphological Traits 

Data were collected for several morphological traits. The date of first flower, and 

the node at which that flower was located, was recorded for each plant. The lengths of 

three fully elongated intemodes were measured with cahpers or a ruler. Plants were 

rated for the degree of leaf indentation, whether the points were sharp or rounded, 

whether stems were softly haired or spiny, and whether leaves were plain or silver- 

mottled. Notes were taken on the color of immature and mature fruit and mature fruit 

flesh, and on fruit shape and rind texture. Mature fruits were photographed to provide 

a permanent reference. Fruit color ratings were based entirely on comparisons among 

the BC, plants and between them and the parents; no color table was used. 

Disease Resistance 

The mapping population was screened for resistance to powdery mildew and 

zucchini yellow mosaic virus (ZYMV). Plants were naturally infected with powdery 

mildew, which came in first on the TsFigerian Local' plants, and quickly spread 

throughout the greenhouse. Symptoms were scored on a five point scale; the rating 

system was l=fully susceptible, 2= sporulation on older leaves only, 3= large chlorotic 

spots on older leaves only, 4= small chlorotic spots, 5 = no symptoms. 

Mature, fruit-bearing plants were inoculated with ZYMV using a household paint 

sprayer. Inoculum was prepared by grinding strongly symptomatic leaves with 

potassium phosphate buffer (2.6 mM monobasic potassium phosphate and 0.047 M 

dibasic potassium phosphate, pH 8.5) in a blender, followed by filtering through 

multiple layers of cheesecloth. No carborundum was used. The high-pressure 

inoculum stream was directed at the growing points, and visual symptoms were scored 
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four weeks later. At evaluation time samples were collected for enzyme linked 

immunosorbant assay (ELISA) testing. Testing was performed under the direction of 

Ken Eastwell by Carol McKinney at the Washington State University ELISA Lab in 

Prosser, Washington using a general potyvirus polyclonal antibody. The initial ZYMV 

inoculum was obtained from Joy Jaeger at the North Central Experiment Station in 

Hermiston, Oregon. The inoculum was field collected in Oregon. It was increased on 

susceptible C. pepo summer squash lines. 

DHA Extraction 

DNA was extracted using a modified CTAB technique, based on the protocol 

developed for cotton by Vroh Bi et al. (1996). Fresh, newly expanded true leaves were 

harvested and placed in numbered grinding bags (Agdia). Approximately Ig of tissue 

was harvested from each plant. Five ml of cold (40C) grinding buffer was added to 

each grinding bag, the bag taped closed, and the tissue macerated by rubbing with a 

large pestle. The grinding buffer contained 0.5 M Tris (pH 8.0), 20 mM EDTA (pH 

8.0), and 2.0 M NaCl. After grinding one comer of the bag was clipped with scissors 

and the homogenate drained into a labeled 10 ml Oakridge centrifuge tube and 

immediately placed on ice. The pestle and scissors were treated with DNAway 

(Molecular Bio-Products, Inc.) between samples to prevent cross-contamination. After 

12 samples had been ground, 2 ml hot (650C) extraction buffer was added to each 

tube, and the tubes were capped, inverted to mix the buffers, and immediately placed 

in a 650C water bath for 1 hour with periodic shaking. The extraction buffer contained 

100 mM Tris (pH 8.0), 20 mM EDTA (pH 8.0), 2 M NaCl, 2% (w/v) CTAB 

(acetyltrimethylammonium bromide) and 2% (w/v) PVP-40 (polyvinylpyrroliodone). 

Next, 4 ml chloroform:isoamyl alcohol (24:1) was added to each tube, and the tubes 

inverted 200 times. They were then centrifuged for 10 minutes at 11,000 x g to 

separate the phases. The aqueous phase was transferred to a 15 ml conical centrifuge 

tube containing 2.5 ml isopropanol. The tubes were inverted to mix the solutions and 

the DNA was allowed to precipitate overnight on the benchtop. The next day a loose 
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white pellet was visible in the bottom of each tube. The supernatant was decanted off, 

and the pellet plus approximately 1 ml of supernatant were transferred to a 1.7 ml 

microcentrifuge tube. Tubes were centrifuged for two minutes at 13,000 x g to tighten 

the pellet, the remaining supernatant was poured off, and the tubes were drained by 

inverting onto tissue. The pellets were then washed in 1 ml washing buffer vmtil white, 

re-centrifuged, drained, and the pellet air-dried in the hood until no smell of ethanol 

remained. The washing buffer contained 80% ethanol and 10 mM ammonium acetate. 

DNA was re-suspended in 500 ul TE buffer, and quantified using a Hoechst DNA 

Flourometer according to the manufacturers directions. The DNA was further 

purified by running 20 ug of DNA from each sample through PCRpure spin columns 

(GeneMate) and re-eluting with 50 ul of Tris. Running the DNA through the spin 

columns improved PCR amplification sufficiendy that it was possible to reduce the 

amount of Taq polymerase in each reaction from 0.9 units to 0.5 units. The DNA 

stocks were diluted to 5 ng/ul in sterile ultrapure water to create working stocks for 

PCR. 

Polymerase Chain Reaction 

DNA from the five plants representing each parental line was bulked, and these 

bulks were used to screen primers. Primers that amplified poorly on the first screening 

were screened a second time. Operon primer sets A through R and University of 

British Columbia (UBC) primers 405, 411, 417, 419, 421, 423,425, 430, 432, 447, 489, 

533, 546, 550, 577, 589, 592, and 597 were used to screen the parents; those primers 

which had strong bands present in TSfigerian Local' but not in the yellow squash were 

used to amplify the mapping population. Because the mapping population was the BC1 

to the yellow squash parent, bands present in that parent did not segregate in the 

progeny. Reaction mixtures contained 30 ng of plant genomic DNA, 1.5 mM MgCl-2, 

0.1 mM dNTPs, 3 pmole of primer (Operon or UBC), 0.5 units of Taq DNA 

polymerase (Promega), and IX Taq buffer (Promega) in a total volume of 15 ul. The 

amplification program was 2 min. at 940C followed by 5 cycles of 5 seconds at 940C, 1 
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min. at 370C, 30 sec. at 540C, a 7 min. ramp to 720C, and 2 min. at 720C and 30 cycles 

of 5 seconds at 940C, 1 min. at 370C, 30 sec. at 540C, 2 min. at 720C ending with 15 

min. at 720C. The PCR program was optimized for squash with the goal of obtaining 

sharp, repeatable bands as quickly as possible (Yu and Pauls, 1992; Ellinghaus et al., 

1999). Because of the size of the population (162 BQ individuals, 5 samples from each 

parental line, and parental and H20 controls, for a total of 178 samples) it was 

necessary to amplify the population in two batches for each primer. Parental and H20 

controls were included in each batch, to enable us to detect any lack of repeatability 

between batches. In the interest of speed, four thermocyclers (an MJR-100, a Perkin- 

Elmer 9600 and two Perkin-Elmer 9700s) were used. To minimize the effects of 

differences between machines, both batches for each primer were run on the same 

machine. In addition, the amplification profiles were adjusted to be as identical as 

possible on the four machines. The PCR products were separated on 1.5% agarose 

(Seakem LE from FMC or Ultrapure from Gibco) in 0.5% TBE buffer. Size was 

determined with a 100-bp ladder (Promega). The gels were stained with ethidium 

bromide and recorded on Polaroid 667 film. Only strong, repeatable bands were 

scored. 

Data Analysis 

For the RAPD data, an individual was given a score of 1 if the band was present, 

and 0 if it was absent. Because the mapping population was a BC,, only bands present 

in TSFigerian Local' and absent in A0449 could be scored. Chi-square goodness of fit 

(Ramsey and Schafer, 1997) was used to test fit to the expected 1:1 segregation ratio. 

The map was constructed in Mapmaker version 3.0 (Lincoln et al., 1992) using 

the group, compare, try and ripple commands. Map order was double-checked using 

the order command. A LOD score of 5.0 and a maximum recombination frequency of 

30% were used to determine linkage groups. The map itself is reported in Kosambi 

centimorgans. The LOD score is the logarithm of the ratio of the likelihood of the 

observed pedigree data assuming the two loci are linked to the likelihood of the 
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observed pedigree data assuming independent segregation. The higher the LOD score 

the more stringent the criterion for linkage detection. This translates into a lower 

chance of assigning false linkages (Bitren et al., 1999). The map was initially 

constructed using all of the data, whether or not it fit the expected 1:1 segregation 

ratio. After linkage groups were determined, the segregation distortion for each locus 

was calculated and plotted in the map-order of the loci. Distorted loci that were part 

of a continuous trend away from a perfect fit were retained (Paris et al., 1998). Loci for 

which distortion could be attributed to poor amplification or difficulty in scoring were 

discarded. If any loci were discarded, the map order for the linkage group was re- 

analyzed. 

Morphological data were scored in a variety of ways, depending on the type of 

data. For those traits where segregation appeared to be a result of the action of a single 

gene, the morphological data were receded by setting the phenotype of the yellow 

squash parent equal to 0, and the phenotype of Kligerian Local' equal to 1, and the 

data were analyzed using Mapmaker. The fruit color traits, including peduncle color, 

leaf mottle, and ZYMV resistance were analyzed this way. The extent of yellow or 

green on the peduncle was initially rated using a four-point scale, but information in 

the literature allowed the ratings to be converted to known genotypes. Fruit shape, 

mature fruit color, and fruit flesh color were recorded narratively, and then classified 

based on the descriptions and genetic models in the literature (Sinnot and Durham, 

1922; Paris, 1988; Paris and Nerson, 1986; Paris, 1996; Shifriss and Paris, 1981). 

Days to first flower, the node at which the first flower formed, intemode length, 

fruit length to width ratio and ELISA score were recorded as quantitative traits using 

counts or measurements., powdery mildew resistance, and leaf indentation were rated 

using four-, five-, and six-point scales, respectively. The data were plotted on a 

histogram and analyzed for natural breakpoints. Those traits for which segregation was 

clearly not monogenic were considered to be quantitative, and were analyzed as 

quantitative trait loci (QTL). Their relationship to the mapped loci was analyzed using 

QTL Cartographer (Basren et al., 1999). The LOD threshold for each trait was 

calculated using the Permutations function with 150 iterations. 
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Results and Discussion 

Morphological and Disease Resistance Traits 

Days and nodes to first flower 

The five A0449 plants had mean days to flower of 35.75 days, and ranged from 

33 to 40 days. The five TMigerian Local' plants had a mean of 84.6 days to first flower, 

and ranged from 73 to 95 days. The BC1 population had a mean of 49.2 days to 

flower, and ranged from 30 to 78 days. The data were strongly skewed toward the 

recurrent parent (Figure 2-1) as would be expected for a quantitative trait in a 

backcross. No breakpoints fitting a simple genetic model were detected. However, the 

data are bimodal, suggesting that days to flower is controlled by a single gene with 

either modifiers, or significant environmental influence. The trait was analyzed for 

QTL, both with the actual data and following a log transformation to improve the fit 

to a normal distribution. No significant QTL were detected at LOD thresholds of 

14.33 and 13.82, respectively. 

The number of nodes from the cotyledonary node to the node bearing the first 

flower were counted to determine if differences in flowering date were a result of 

differences in speed of growth or in juvenility period. A0449 averaged 5 nodes to the 

first flower, with a range from 4 to 7, and TMigerian Local' averaged 19.5 nodes, with a 

range from 15 to 22. The BQ population averaged 9.4 days, and ranged from 3 nodes 

to 20 (Figure 2-2). Like days to flower, it was skewed in the direction of the recurrent 

parent. Nodes to flower was analyzed for QTL in the same manner as days to flower. 

Again, no significant loci were detected. The LOD thresholds were 11.85 for the 

original data, and 14.91 for the transformed data. 
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Figure 2-1. Days to first flower for the BC, progeny of the cross A0449 x (A0449 x 
TSTigerian Local'). A0449 averaged 35.75 days; 'Nigerian Local' averaged 84.6 days. 
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Figure 2-2. Nodes to first flower for the BQ progeny of the cross A0449 x (A0449 x 
'Nigerian Local"). A0449 averaged 5 nodes; TSIigerian Local' averaged 19.5 nodes. 
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From figure 2-3 it is clear that the correlation between the number of days to first 

flower and the node at which that flower is borne is high, indicating that the difference 

in time of flowering is primarily a result of differences in the juvenility period. In most 

cases the first flower was male. Both of the plants on which the first flower was female 

flowered very late, suggesting that the first flush of male flowers was aborted. Squash 

normally flower in alternating flushes of male and female flowers on a given plant (or 

branch in vine squash). Usually the first flush is male, but that can be altered by 

growth regulators or environmental conditions. The graphical representations of the 

QTL for the two traits differed in amplitude, but were very similar in shape. This is to 

be expected given their autocorrelation, and suggests that the days and nodes to 

flowering are controlled by many of the same genes. 
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Figure 2-3. Days to first flower and nodes to first flower are correlated for the BC, 
progeny of the cross A0449 x (A0449 x TSfigerian Local') (R=0.83). Each point 
represents an individual plant. 
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Leaf mottle 

Some plants of 'Nigerian Local' have silvery-white mottling in the axils of the leaf 

veins (Figure 2-4). The silvering is caused by air spaces within the palisade cell layer 

and between that layer and the epidermis (Scarchuk and Lent, 1965). It is not the same 

as the leaf silvering caused by insect damage. This mottling has been shown to be 

controlled by a single dominant gene (Af) with an unknown number of modifiers in 

both C. moschata and C.pepo (Scarchuk, 1954; Coyne, 1970). 

Figure 2-4. The mottle leaf trait in Cucurbita. The leaf on the left is motded; that on the 
right is plain green. 

Leaves of A0449 are uniformly green. The BC, progeny contained some plants 

with silver-motded leaves, indicating that the 'Nigerian Local' parent carried the 

dominant allele at M The degree of mottling in the BC, progeny ranged from one 
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plant with completely silvered leaves to plants with only tiny silver patches in the axils 

of the primary veins. Mottling was scored as either present or absent, since the 

variation in degree of mottling was continuous and changed from leaf to leaf within a 

plant. The ratio of motded to plain leaves was 67:95, which differs from the expected 

single gene ratio at p>.05, but does not differ at p>.01 (Table 2-1). The excess of plain- 

leafed plants was probably a result of the low light intensity in the greenhouse. Shifriss 

(1984) showed that the mottled phenotype is more fully expressed under conditions of 

high light intensity. The motded leaf trait was mapped, despite its distorted 

segregation, and was placed on linkage group 6. Mottled leaf can be a useful trait for 

breeders. Its extreme expression, silver-leaf, has been associated with delayed infection 

with aphid-transmitted viruses (Davis and Shifriss, 1983), and resistance genes for 

whitefly-induced silvering disorder may be linked to M in C.pepo. 
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Table 2-1. Segregation of qualitative morphological traits in the BC, progeny of the 
cross A0449 x (A0449 x TSIigerian Local'). Phenotype A is the phenotype of A0449 
and Phenotype B is the phenotype of 'Nigerian Local' except where footnoted. 
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Table 2-1. 

Number of Plants 
Expected Chi- Phenotype Phenotype 

Trait A B Ratio square Prob. 
Leaf mottle 95 67 1:1 4.83 0.028 
plain green vs. silver mottled 
Leaf texture 79 83 1:1 0.099 0.753 
spiny vs. soft 
Lobe shape 63 98 1:1 7.608 0.005 

pointed vs. rounded 1:3 17.25 <0.001 
Peduncle color 82 73 1:1 0.522 0.47 
yellow2 vs. green 
Extended yellow 83 72 1:1 0.78 0.377 
solid color vs. bicolor? 

Mature fruit pattern 80 17 7:1 2.24 0.134 
solid vs. bicolor11 

Mature fruit color intensity 43 54 1:1 1.25 0.264 
intensely vs. light 3:5 1.93 0.165 
Fruit flesh color 51 44 1:1 0.515 0.472 
light vs. orange 
Warts (all fruit) 34 82 1:1 19.861 <0.001 

smooth vs. warty 1:3 1.149 0.283 
Warts (mature fruit) 26 29 1:1 0.163 0.686 
smooth vs. warty 
Powdery mildew 92 69 1:1 3.298 0.07 

resistant (2-5) vs. susceptible (1) 3:1 27.381 <0.001 
Powdery mildew 45 116 1:3 0.747 0.387 
resistant (3-5) vs. susceptible (1-2) 
ZYMV 41 35 1:1 0.474 0.491 
symptoms vs. symptomless 
ZYMV ELISA 102 22 1:1 51.61 <0.001 
positive vs. negative 3:1 3.11 0.08 

7:1 3.48 0.06 

2 The yellow phenotype includes both completely yellow peduncles and those that 
were yellow at the point of fruit attachment. A0049 has a completely yellow 
peduncle. 

1 "Solid" includes both yellow fruit with yellow peduncle and yellow fruit with green 
peduncle. "Bicolor" includes bicolor fruit with green peduncles, and yellow 
fruit with bicolor peduncle. A0449 has yellow fruit and a yellow peduncle; the 
green fruit and peduncle of TMigerian Local' were not present in the BQ. 

x "bicolor" is a non-parental phenotype. 

w both parents had intensely colored mature fruit. 
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Leaf shape and texture 

The parent plants also differ in three additional leaf traits. A0449 has harsh and 

prickly leaves with sharply pointed lobes and deep indentations between the lobes. 

TMigerian Local' has softly pubescent leaves with rounded comers and little to no 

indentation between the lobes. Harsh and prickly versus soft leaves are species traits 

that can be used to distinguish Cpepo from C. moschata (Whitaker and Davis, 1962). 

The differences appear to be caused by differences in the stiffness of the leaf hairs, 

rather than in the number of leaf hairs. The BC, population was classified by feel into 

prickly or soft leaves. The segregation gave a good fit to the expected 1:1 ratio (Table 

2-1), but the trait could not be placed on the map. It may simply be unlinked, but it is 

possible that a significant number of plants were misclassified. The two phenotypes 

were not strongly contrasting, and the method of classification was entirely subjective. 

It is also possible that the stiffness of the leaf hairs is controlled by more than one- 

gene. The genetic control of this trait has not been determined in either C. pepo or C. 

moschata.. This trait is not the same as the "spineless" trait found in some zucchini. 

Spinelessness is a result of fewer leaf hairs per unit area. If stiff pubescence is 

controlled by a single incompletely dominant gene in C. pepo, A0449 would represent 

the homozygous dominant phenotype for this population, and the progeny were 

segregating between homozygous dominant (stiff) and heterozygous (softer). An 

alternate hypothesis is that soft pubescence is controlled by a dominant gene from 

Nigerian Local; A0449 would be homozygous recessive. The progeny would then be 

either heterozygous (soft) or homozygous recessive (stiff). Either hypothesis would 

give a 1:1 ratio in the BC,, but they could be differentiated in the BCJFJ. Data on leaf 

pubescence was not available from the F,. If stiff hairs is incompletely dominant, then 

the selfed progeny of the soft-haired plants would segregate 1 stiff: 2 softer : 1 very 

soft. If soft hairs is dominant, then the progeny of the soft-haired plants would 

segregate 3 soft : 1 stiff. Microscopic examination of the leaf and stem pubescence 

may also reveal differences that could be reliably scored. 
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The lobes or comers on fully expanded leaves were scored as either ending in a 

definite point, like A0449, or being rounded like 'Nigerian Local' (Figure 2-5). 

Segregation did not fit the expected 1:1 ratio (Table 2-1), with a significant excess of 

plants with rounded leaf lobes. It also did not fit a 1:3 ratio. The genetics governing 

leaf lobe shape is not understood in squash, and the trait was not mapped. It may be 

connected to the degree of indentation between primary leaf veins. 

^^H                                                                      ^^H Ik 
1 ■HI  ^1 ■| 
1 Hi^K ^^| 
^ ^^^m  ^pF w^ 

Figure 2-5. Pointed versus rounded leaf pointsof Cucurbita species. The points on the 
leaf on the left are pointed; those on the leaf on the right are rounded. 

Plants of C. moschata normally have leaves with litde to no indentation between 

the veins, while the leaves of C pepo plants may be deeply indented (Whitaker and 

Davis 1962). For the mapping population, the degree of indentation between the 

primary veins of the leaves was scored on a 0-6 scale, where 0 indicated an entire leaf 

margin, and 6 indicated deep indents between all lobes similar to the "cut leaf trait in 

zucchini. Sixty of the BC, progeny had leaves that were more deeply indented than 

either parent (Figure 2-6). A0449 has shallow indents on either side of the apical vein. 
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which fits class 2 on the scale. Most ^Nigerian Local' plants had very shallow 

indentations, fitting class 1 on the scale (Figure 2-7). This trait was somewhat difficult 

to classify, as the degree of indentation varies between leaves of a given plant. The 

distribution is typical of a quantitative trait. A significant QTL was identified on 

linkage group 5 between the marker loci F10_400 and G2_400, with the point of 

maximum likelihood at the locus Kll_950. The LOD threshold was 12.59. The 

genetic control of leaf margin indentation is unknown in C.pepo or C. moschata, 

although it has been shown to be controlled by a single recessive gene in C. maxima, 

which normally has an entire leaf margin (Dyutin 1980). The transgressive segregation 

seen in the mapping population suggests that two or more genes are involved, some of 

which may come from Nigerian Local. 

Figure 2-6. The distribution of indentation between the primary leaf veins in the 
progeny of the cross Cucurbitapepo A0449 x (A0449 x C. moschata TSIigerian Local"). 
The scale used to rate the leaves is shown in figure 2-7 below. 
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Figure 2-7. Leaf indentation in the parents and BC, of the mapping population. The 
leaf on the top left is from C. moschata 'Nigerian Local', the one in the top center is 
from C pepo A0449, and the remaining leaves represent classes 0-5 used to score the 
BC. 
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Intemode length and plant habit, tendrils 

Nigerian Local is a vine, with thin, flexible stems with long intemodes, long 

tendrils, and a moderate number of side branches. A0449 is an upright bush, with a 

thick, rigid stem with very short intemodes, no tendrils, and such strong apical 

dominance that it will not develop side shoots even after the apical growing point is 

removed. The Fj plant had a thick, rigid stem with long intemodes, so that it appeared 

to zig2ag. Tendrils were absent. It required trellising but could not be twined around a 

string as the vines of 'Nigerian Local' can. The BC, progeny ranged from upright 

bushes to plants like the F,. Twelve of the BC, plants had tendrils; all also had long 

intemodes. Many of the plants developed side shoots, although in many cases only in 

response to the death of the apical growing point. 

Intemode length in A0449 ranged from 1.67 cm to 2.00 cm with a mean of 1.86 

cm. Intemode length in TSIigerian Local' ranged from 12.6 cm to 17.7 cm with a mean 

of 14.9 cm. In the BC, the mean intemode length was 2.06, but the range was from 

0.63 cm up to 7 cm. As figure 2-8 shows, the population was skewed towards the 

recurrent parent, as well as the range being displaced towards this parent Intemode 

length appears to be quantitative. No significant QTLs were identified either for the 

original data or following a log transformation. The LOD thresholds calculated by 

permutation were 13.59 and 13.56 respectively. However, a QTL was identified on 

linkage group 5 at RAPD locus Kll_950 that was significant at the default LOD 

threshold of 11.5. While this QTL was not significant in this population, it suggests 

that further studies would be warranted. Interestingly, this QTL appears to be located 

very close to the significant QTL controlling the degree of leaf indentation. 

Although intemode length is quantitative, there is probably a single incompletely 

dominant gene controlling the shift from bush to vine habit (Sinnott and Durham, 

1922) .This is reflected in the zigzag vine of the F,, and in the shift of the entire range 

of the BC, towards the bush parent. Environment also plays a role in intemode length, 

especially under low light conditions. An attempt was made to compensate for 

possible differences resulting from weather conditions by measuring the three most 
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recently elongated intemodes on each plant, but that did not compensate for position 

on the bench relative to the lights. 

1.5 

f 
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Figure 2-8. The distribution of intemode lengths among plants of the BQ of the cross 
Cucurbitapepo A0449 x (A0449 x C. moschata TSTigerian Local"). A0449 had a mean 
intemode length of 1.9 cm; TSIigerian Local' had a mean intemode length of 14.9 cm. 

Fm\X shape and set 

Fruit characteristics are some of the most important traits in Cucurbita, as it is the 

fruit that is the marketable commodity. However, they are also some of the more 

difficult traits to study, as they require that the plants set, and often mature, fruit. Both 

parents used in this cross can be parthenocarpic, TSIigerian Local' more so than A0449. 

In addition, squash in general set fruit poorly under the low light conditions of the 

winter greenhouse. Low fertility is also a common problem with interspecific crosses. 
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None of the 'Nigerian Local' plants set fruit, only three of the five A0449 plants 

matured fruit, and 60 of the 162 BC, plants matured fruit. Another 54 BQ plants were 

parthenocarpic, with fruit developing but not maturing with no seed set. The 

remaining plants were primarily female sterile, although some died before flowering. 

Plants failing to set selfed fruit, or not producing viable pollen, were sib pollinated, so 

male sterility was not an issue. 

Nigerian Local has round fruit, while A0449 has long, roughly cylindrical fruit. 

The F, had elongated pear-shaped fruit, and fruit shape in the BQ ranged from the 

long cylindrical shape of the recurrent parent through the long pear of the F, to round 

pears and round fruit (Figure 2-9). Inheritance of fruit shape is known to be complex 

and multigenic, with elongated shapes sometimes being dominant and sometimes 

recessive (Sinnott and Hammond, 1930). Round and pear shapes usually represent 

intermediate (heterozygous) conditions in C.pepo (Sinnot, 1922; Whitaker, 1932), but 

may not in C. moschata. Photos were taken of all of the mature fruit, and as many 

parthenocarpic fruit as possible. The length : width ratios of the fruits were 

determined from the photos, and the data analyzed as a quantitative trait. A significant 

QTL was identified on linkage group 10 between the RAPD markers L19_800 and 

P19_400, with the point of maximum LOD at B8_900. The LOD threshold was 

10.09. Extensive studies of fruit shape in C.pepo have shown that separate 

physiological factors are responsible for ovary lengthening and ovary wall thickening, 

resulting in long or wide fruit shapes respectively (Sinnott and Durham, 1929). 

However, it is not clear how many genes control these factors. 
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Figure 2-9. Mature fruit of plants of the BQ of the cross Cucurbita pepo A0449 x 
(A0449 x C. moschata TSTigerian Local') showing the variation in fruit shape. Mature 
fruit of the parent lines are shown in figure 2-10. 
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Figure 2-9. 
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Fruit rind color 

Fruit rind color is probably the best-studied trait in C. pepo. At least eleven genes, 

two of them with more than two alleles, are involved. A0449 has yellow fruit firom the 

time the female flower bud develops, indicating that it is of genotype B/B (precocious 

yellow). Being a yellow squash, it is also of genotype Y/Y (Sinnot and Durham, 1922). 

The peduncle and the base of the corolla are also yellow, indicating that A0449 carries 

at least two dominant Ep alleles (Figure 2-10). The Ep alleles are extenders of the 

precocious yellow phenotype. Two Ep loci are known; they are additive and 

incompletely dominant. The degree of extension of the precocious yellow phenotype 

depends on the number of dominant Ep alleles present, and on the genotype at B (B/B 

or B/b). The Ep loci have no known effect on genotype b/b (Shifidss and Paris, 1981). 

The TSfigerian Local' parent had green immature fruit which ripened black-green with 

a green peduncle (Figure 2-10). Other individuals from the same population of 

TSIigerian Local' had molded light and dark green fruit, controlled by M/dg (Cardosa 

and Delia Vecchia, 1993). Presumably, the plant used to generate the mapping 

population was of the genotype mldg/mldg. It is also presumed that the black-green 

color was due to the genotype Er1 / Lr1 Lj-2/Lr2 in addition to the effects of Gr, 

which controls green versus light fruit in C. moschata (Robinson, 1987). This genotype 

has been shown to be responsible for black green color in C. pepo (Paris and Nerson, 

1986). 
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Figure 2-10. The mature fruit of C.pepo A0449 (left) and C. moschata 'Nigerian Local' 
(right). 

Immature fruit of plants in the BC1 generation segregated for bicolor vs. 

precocious yellow fruit. Peduncles segregated for green, bicolor yellow and green, and 

yellow. No fruits were completely green, indicating that B was dominant over the color 

genes from 'Nigerian Local'. This agrees with the results of attempts to move B from 

C.pepo to C. moschata (Paris et al., 1986). Approximately 25% of the fruit were 

bicolored, indicating that they were heterozygous for B and contained no more than 

one Up allele(Table 2-2). Another 25% of the plants had yellow peduncles as well as 

uniformly yellow fruits like A0449, suggesting that they were homozygous for B and 

for the Up gene (Table 2-2). Of the remaining 50%, half had a thin band of yellowing 

where the peduncle joined the fruit, indicating that they were homozygous for B but 

had only one Up allele (Shifriss and Paris, 1981). The others had uniformly green 

peduncles and were presumably heterozygous for B but carried two Up alleles (Table 

2-2). The segregation fit the 1:1:1:1 ratio expected for a two-gene model in the 

backcross to the parent carrying the dominant alleles. If contrasting phenotype classes 

were compared, both B and F^p fit the single gene model (Table 2-1). The B gene has 
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been placed at one end of linkage group 5; the Ep gene present in A0449 remains 

unlinked. 

Table 2-2 Immature fruit color in the BC, of the cross Cucurbitapepo A0449 x (A0449 x 
C. moschata TSIigerian Local') segregated into four classes depending on the genotypes 
at the B and Up loci. 

Genotype Phenotype Number of plants 
BBEpEp Solid yellow with completely yellow 

peduncle 
32 

BBEpep Solid yellow with green peduncle; thin 
yellow band at fruit attachment 

50 

BbEpEp Solid yellow with green peduncle 40 
BbEpep Bicolor green and yellow with green 

peduncle 
33 

Total 155 
Chi-square 5.6 
Probability 0.13 

Mature fruit colors ranged from orange through the golden yellow of A0449 to 

plain yellow and dull yellow-tans and greenish yellows. Fruit color intensity was 

independent of B in that bicolor fruit occurred in both light and intense colors. If 

plants were separated into those bearing intensely-colored fruit (orange or golden 

yellow) like A0449, and those bearing lighter-colored fruit (yellow, yellow-tan, and 

greenish yellow) the data fit both a one-gene model and a three gene model (Table 2- 

1). If the one-gene model is accepted, then the segregating gene is most likely an 

unidentified dominant factor from TSligerian Local' that decreases the intensity of rind 

color associated with B, but has no effect in a bb background. Such a factor was 

observed in the black-fruited C. moschata PI 165561, but not explored (H.S. Paris, 

personal communication). Segregation of JL-/ from 'Nigerian Local' would also result 

in a ratio of 1 intense : 1 light for rind color, but in that case A0449 should have had 

light-colored fruit. Intensely-colored fruit versus light-colored fruit was mapped to 

linkage group 8a, but it is not clear exacdy what gene was mapped. 

If the actual fruit phenotypes are considered, there are 10 different rind colors, 

including some bicolor fruit (Table 2-3). Seventeen out of 97 plants had fruit that was 
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bicolored when mature, which fits the 7:1 segregation expected of a three-gene model 

(Table 2-1). In many cases the green portion of bicolor fruit faded to yellow as the 

fruit matured. Persistendy bicolor fruits are probably genotype BbEpepYy. Shifriss 

(1947) reported that Yy fruits retain their green color even into maturity; he also 

reported (Shifriss, 1981) that in bicolor fruit the color of the non-precocious yellow 

sectors is determined by the other color genes present. In the BC, mapping 

population, only plants heterozygous for both JB and Ep appear bicolored. If plants 

with bicolored fruit are combined with the plants bearing solid-colored fruit of the 

same intensity, there are five phenotypes (Table 2-4). The distribution of plants into 

the five phenotypes fits a 1:2:2:2:1 ratio (p=0.385). This ratio can be explained with a 

complex three-gene model. The hypothesis is that A0449 is of genotype XXyyzz, and 

'Nigerian Local' of genotype xxYYZZ. The F, genotype was XxYyZz; the BQ 

genotypes are shown in table 2-4. Assume that dominance is incomplete at X, that the 

effect of X is approximately twice that of Y or Z, and that all three genes are additive. 

The genotypes XxYyZz and XXyyzz would give the same phenotype, and the progeny 

would segregate into five phenotypic classes as in table 2-4. Without a more complete 

set of populations, including the F2 and the backcross to TMigerian Local', and a better 

knowledge of the fruit color genotypes of the parents, it is impossible to determine 

what the three genes are. 
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Table 2-3. Mature fruit color for the BC, of the cross Cucurbitapepo A0449 x (A0449 x 
C. moschata "Nigerian Local") segregated into ten classes. At least four genes appear to 
be involved, one of which is B. 

Mature fruit rind color Number of plants 
Orange 9 
Bicolor orange and dark green 4 
Golden yellow 25 
Bicolor golden yellow and green 5 
Yellow 24 
Bicolor yellow and green 2 
Yellow-brown 18 
Bicolor dull yellow-brown and dull green 3 
Pale yellow 4 
Bicolor pale yellow and pale green 3  

Table 2-4. Mature fruit color for the BC, of the cross Cucurbitapepo A0449 x (A0449 x 
C moschata "Nigerian Local^with the bicolor fruit (heterozygous for B) combined with 
the solid color fruit of the same color and intensity. The ratio being tested is 1:2:2:2:1; 
the genetic model is three genes with additive epistasis such that the effect of X is 
twice that of Y or Z, and dominance is incomplete at A. The genotypes shown are 
purely hypothetical; X,Y, and Z have not been identified as any of the known fruit 
rind color genes in C. pepo or C moschata. 

Mature fruit rind color Hypothetical genotype Number of plants 
Orange XXYyZz 13 
Golden yellow XXYyzz or XXyyZz 30 
Yellow XXyyzz or XxYyZz 26 
Yellow-brown XxYyzz or XxyyZz 21 
Pale yellow Xxyyzz 7 
Total 97 
Chi-square 4.15 
Probability 0.38 

FruW Flesh Color 

A0449 has intensely colored very young fruits but with white or cream flesh. This 

is unusual, in that most yellow squash are homozygous dominant for JL-2 (Paris, 1996), 
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and Lr2 causes orange flesh in the presence of the dominant allele at B (Paris, 1988). 

One possibility is that A0449 carries Lr2 and a recessive gene which blocks the full 

expression of L-2 and B on the flesh color (H. S. Paris, personal commvinication). The 

flesh of 'Early Prolific Straightneck', which is the progenitor of most straightneck 

cultivars, has lighter flesh than would be expected given that it is BB Lr2Lr2 (Paris et 

aL, 1989). The other possibility is that A0449 is homozygous recessive for Lr2, and 

homozygous dominant for L-/, as Lr1 intensifies finiit rind color but has no effect on 

flesh color (Paris and Nerson, 1986). However, the 1-21-2 genotype is rare in C.pepo, 

and may be sub-lethal (H. S. Paris, personal communication). TSFigerian Local' fruits 

grown in Corvallis generally have light-colored flesh. However, fruits from the same 

original population grown in Puerto Rico had light orange flesh (L. Wessel-Beaver, 

personal commvinication). Most C. moschata have orange-fleshed fruit. 

The BC, segregated for flesh color, with 51 plants having fruit with white or 

cream flesh like A0449, and 44 plants having fruit with orange flesh. The segregation 

fits the one-gene model (Table 2-1). This can be explained in two ways. One 

possibility is that the TSIigerian Local' parent carried a dominant gene for orange flesh 

color which was not expressed in TMigerian Local' in our environment because firuit 

never reached full maturity. The plants of the BQ were closer to A0449 in the time 

needed to mature fruit. The other possibihty is that A0449 is homozygous recessive 

for a gene blocking the expression of orange flesh, and 'Nigerian Local' carries the 

dominant allele at that locus. In that case, TSIigerian Local' would still have light- 

colored flesh, as it is homozygous recessive for B. As with fruit rind color, additional 

populations are needed to positively determine the flesh color genes involved. Orange 

versus light flesh color was included in the map, but remains unlinked. 

FruW surface texture 

A0449 has smooth fruit while that of TSTigerian Local' was covered with 

pronounced warts (Figure 2-10). Wartiness is known to be controlled by a single 
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dominant gene, Wt, in C pepo. The phenotype is only expressed in the presence of Hr 

for hard rind (Schaffer et al., 1986). Only 34 out of 116 plants bore smooth fruit. The 

data fit a two-gene model (1:3 ratio) but did not fit a one-gene model (1:1 ratio) (Table 

2-1). Among the non-smooth fruit, the degree of wartdness ranged from fruits with 

only a few scattered bumps arranged randomly on the fruit, through fruit with bands 

of pronounced warts between the carpel veins, to fruit which were entirely covered in 

warts. Several explanations are possible for the excess of warty fruits. Sinnot and 

Durham (1922) found that wartiness was controlled by a single gene in crosses 

between moderately warty fruit and smooth fruit, but when an extremely warty gourd 

was used, the segregation fit a two-gene model. Thus, one explanation is that there is a 

second gene for wartiness, which may be present in TSfigerian Local'. A second 

possibility is that TSIigerian Local' carries an inhibitor of rind lignification such as that 

found in C.pepo by Schaffer et al. (1986), and that this inhibitor is affecting the 

expression of Wt. 'Nigerian Local' has a softer rind than many primitive C moschata, 

which are often extremely warty (Wessel-Beaver, 2000). A third possibility is that the 

scattered warts phenotype is a result of insect damage rather than being true warts. A 

severe whitefly infestation developed in the greenhouse during the experiment, and 

whiteflies are known to be attracted to yellow objects such as squash fruit. Mature fruit 

were rated on the degree of wartiness; 29 out of 65 fruits were smooth or only had 

scattered warts, which does fit the one-gene model (Table 2-1). An attempt was made 

to map Wt based on the mature fruit data, but the locus remains unlinked. Both 

parents are assumed to carry the dominant allele for hard rind, TMigerian Local' 

because it is warty, and A0449 because summer squash generally are homozygous for 

Hr. None of the mature BC, fruit had extremely hard rinds, and rind lignification was 

not measured. The genotype of A0449 is assumed to be Hr/Hr wt/wt. If it were hr/hr 

wt/wt, then only 25% of the BC, should have been warty, rather than the observed 

50% or 75%. If A0449 were hr/hr Wt/Wt, then a 1:1 segregation would still be 

expected, except that the segregating gene would be Hr, not Wt. 
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Powdery mildew resistance 

'Nigerian Local' is extremely susceptible to powdery mildew. The fungus 

sporulates readily even on young leaves, and mature leaves quickly develop severe 

chlorosis and necrosis. A0449 is effectively resistant; under conditions of severe 

disease pressure scattered sporulation occurs on the older leaves, but young leaves 

remain uninfected and there is no necrosis. This type of resistance is a strong 

tolerance, as opposed to immunity. Powdery mildew is a persistent problem in the 

greenhouse, and something of a limiting factor in the cool, dim conditions of the 

winter greenhouse. Under intense disease pressure, the BC, segregated for severity of 

powdery mildew symptoms (Figure 2-11). 
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Figure 2-11. Powdery mildew resistance in the BC, of the cross Cucurbita pepo A0449 x 
(A0449 x C. moschata TSFigerian Local'). The rating system was l=fully susceptible, 2— 
sporulation on older leaves only, 3= large chlorotic spots on older leaves only, 4= 
small chlorotic spots, 5 = no symptoms. Plants of the resistant parent (A0449) were in 
classes 2, 3 and 5. 
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Sixty-nine of 161 plants developed severe mildew with abundant sporuktion on 

both new and old leaves (class 1). Some of the remaining plants had some sporulation 

on older leaves (class 2); others had only chlorosis (classes 3 and 4) or were symptom- 

fitee (class 5). Readings were taken on mature flowering plants; plants were repeatedly 

evaluated for approximately one month. The A0449 plants varied in severity of 

infection, with one in class 2, two in class 3, and two in class 5. These differences are 

probably a reflection of microenvironment differences, as the plants were grouped 

together at the end of a bench. 

If the plants of class 1 are considered susceptible, and those of classes 2-5 

resistant, then the segregation is 69 susceptible: 92 resistant, which does fit a one-gene 

model (Table 2-1) but does not fit a two-gene model. If classes 1 and 2 are considered 

to be susceptible, then the segregation is 116 susceptible: 45 resistant, which does fit a 

two-gene model (Table 2-1). However, one plant of A0449 was in class 2, and this line 

is supposedly homozygous and homogeneous for tolerance. The excess of plants in 

the resistant class is probably a result of environmental differences and differences in 

the timing of infection (the fungus was allowed to spread naturally). Most of the 

resistant plants were in class 2, which could easily have also contained susceptible 

plants with milder infections. 

Single-gene resistance to powdery mildew has been transferred into many summer 

squash cultivars from C lundelliana and C. martine^ii. The resistant phenotype is 

controlled by the recessive allele/>#? (Rhodes, 1964) in C. lundelliana, and is 

incompletely dominant in C. martine^i (Contin and Munger, 1977). A0449 appears to 

carry one of these genes, rather than the quantitative resistance native to C pepo. 

TSfigetian Local' is most likely PmPm; the resistant BC, plants wovdd beprnprn while the 

susceptible would be Pmpm. The locus responsible for powdery mildew resistance 

remains unlinked on the map. 

The data were also analyzed as a quantitative trait; no significant QTLs were 

identified at the calculated LOD threshold of 14.95. However, two QTLs were 

significant at the default LOD threshold of 11.5, one on linkage group 5 between the 

RAPD markers O10_650 and A20_800 and the other on linkage group 16 between 
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C5_800 and K10_850. The presence of these QTLs suggest that a more thorough 

study of powdery mildew resistance using controlled inoculations would probably 

result in the identification of loci for resistance. 

ZYMV resistance 

Like many tropical C. moschata, TSFigerian Local' is resistant to zucchini yellow 

mosaic virus (ZYMV). Plants normally remain symptomless after inoculation, and give 

readings near the background level when tested with potyvirus-specific ELISA. Like 

most summer squash, A0449 is completely susceptible to ZYMV. While ZYMV 

resistance screening is usually done using seedlings, reproductive stage plants can also 

be infected. In the field, infection usually occurs after plants have begun fruiting. 

The BQ, A0449, and TSJigerian Local' were inoculated when fruit was near 

maturity using a household paint sprayer and applying the inoculum directly to the 

growing points. The plants were severely stressed by whiteflies, powdery mildew, age, 

and low light, such that some plants died before virus symptoms developed. However, 

76 plants developed fully expanded leaves by one month after inoculation, and could 

be visually scored for symptoms. An additional 15 plants had such severe powdery 

mildew that virus symptoms could not be reliably scored, and 41 plants re-grew 

enough to collect samples for ELISA, but could not be visually scored. Of the 76 

plants scored for visual symptoms, 41 were susceptible and 35 resistant This fits the 

ratio expected if resistance is controlled by a single dominant gene from TSfigerian 

Local' (Table 2-5). 

When 124 plants with some regrowth were tested with ELISA, 102 had positive 

scores and only 22 had negative scores (Figure 2-12). These results do not fit the 

single-gene model expected from the literature and the visual symptoms, but do fit a 

two-gene model and a three-gene model (Table 2-5). The excess of ELISA positive 

plants was in part due to plants that were asymptomatic but ELISA positive. This was 

not expected, as it had been assumed that only one gene was involved in ZYMV 
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resistance, and that this gene prevented virus replication within the plant. However, 

most studies have not used ELISA; the one study (Gilbert-Albertini et al., 1993) where 

both symptoms and ELISA were used examined the inheritance of resistance in an 

intraspecific C moschata cross. 

For the map, ZYMV symptoms and ZYMV ELISA were considered to be 

separate traits. Symptoms were analyzed as a qualitative trait, which remains unlinked. 

ZYMV ELISA was analyzed as both a quantitative trait and a qualitative trait. The 

quantitative trait was linked to the RAPD marker L14_1050 on linkage group 26. 

However, both ELISA and L14_1050 were strongly distorted from a 1:1 ratio. The 

two lod are loosely linked, at 26.7 cM, and it is probable that this linkage is merely a 

result of both loci having distorted segregation. No significant QTLs were found when 

ELISA was analyzed as a quantitative trait. However, even if the linkage to L14_1050 

were valid, a QTL would not have been identified because there is no flanking marker. 

It can be concluded from these data that the inheritance of ZYMV resistance in C. 

pepo is complex; the inheritance is examined further in Appendix A. 

Table 2-5. The inheritance of ZYMV symptoms and ELISA scores for the BQ of the 
cross Cucurbitapepo A0449 x (A0449 x C. moschata TSfigerian Local'). 

Number of Plants 
Expected 
Ratio Chi-square Trait Phenotype A2     Phenotype B Prob. 

ZYMV symptoms 
symptoms vs. none 
ZYMV ELISA 
positive vs. negative 

41                       35 

102                      22 

1:1 

1:1 
3:1 
7:1 

0.474 

51.61 
3.11 
3.48 

0.491 

<.001 
0.08 
0.06 

: For visual symptoms, phenotype A = symptoms present and phenotype B = symptoms 
absent. For ELISA data, phenotype A = ELISA positive and phenotype B = ELISA 
negative. 
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Figure 2-12. ELISA scores for the BQ of the cross Cucurbita pepo A0449 x (A0449 x C. 
moschata TvFigerian Local'). Scores below 0.3 were considered negative for the 
qualitative analysis; those above 0.9 were considered positive. The distribution fits 
both a 1:3 ratio and a 1:7 ratio for control by two and three genes, respectively. 

RAPD Markers 

A total of 378 primers were screened on the parental bulks. Seventy-two failed to 

amplify clear bands in one or both parents, even when repeated. Of the remaining 306 

primers, 162 (52.9%) amplified bands that were polymorphic in TMigerian Local' and 

distinct from bands in A0449. A total of 212 bands were scored, 175 of which were 

included in the data set for map construction (Figure 2-13). The remaining bands were 

discarded because of non-biological segregation distortion or questionable scoring. 

One hundred forty-nine RAPD markers were placed on the map. All of the RAPD 

markers amplify DNA sequences from 'Nigerian Local', so are linked in repulsion to 

traits in A0449. 
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Figure 2-13. Segregating RAPD bands from DNA of the BQ progeny of the cross 
Cucurbitapepo A0449 x (A0449 x C. moschata 'Nigerian Local") amplified with Operon 
primer A20. Segregating bands are at 450 bp, 550 bp and 800 bp on the 100 base pair 
ladder ("M"). "NL" is 'Nigerian Local', "A" is A0449, and "B" is the no DNA control. 
The parents were run as bulked DNA from five individuals at the ends of rows 2 and 
4. The individuals were run seperately in row 4. 

The Map 

The map contains 153 loci, 149 RAPD markers, 3 morphological loci and a 

putative disease resistance locus. There are 29 linkage groups (Figure 2-14); the 

haploid genome of Cucurbita contains 20 chromosomes. Two pairs of linkage groups, 

3a and 3b and 8a and 8b, are considered to be single linkage groups by Mapmaker at 

LOD 5 and a maximum of 30% recombination, but when the loci are arranged in the 

best possible order they are more than 36 cM apart. The map covers a total of 1,981 

cM with an average of 12.9 cM between lod. However, the loci are not evenly 

distributed, so many gaps are more than 20 cM. Two QTL have been identified, one 

influencing fruit shape and the other influencing leaf indentation. Other potential 
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QTL have been identified for response to powdery mildew and for the number of 

days from planting to flowering. These QTL were significant at the default LOD 

threshold of 11.50, but not at the higher LOD thresholds calculated by permutation 

from the data. 

This map is much more complete than the published Cucurbita map of Lee et al. 

(1995), that contained only 28 RAPD markers in five linkage groups. It can best be 

judged by comparison with the Cucumis melo map, which is the most comprehensive 

map in the Cucurbitaceae. The most complete melon map covers 1590 cM (Perin et 

aL, 2000) and is believed to cover the 12 chromosomes of melon in their entirety. 

Cucurbita has 20 chromosomes in its haploid genome. By comparison with the melon 

map, the 1,981 cM of this map cover approximately 75% of the Cucurbita genome.. 

However, significant gaps remain to be filled on this map. In addition to the 29 linkage 

groups included here, nine RAPD markers and nine qualitative morphological or 

disease resistance loci remain unlinked. Also, significant QTLs covdd not be identified 

for five quantitative traits examined. 
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Figure 2-14. Linkage map of the BC, of the cross A0449 x (A0449 x TSIigerian Local'). 
The map was constructed using a LOD of 5.0 and a maximum of 30% recombination. 
Groups marked 'a' and V were linked according to Mapmaker, but when the loci are 
placed in the best order, the groups are separated by more than 36 cM. RAPD markers 
are identified by primer and approximate size in base pairs. Those beginning with A-R 
are Operon primers; U designates UBC primers. An * indicates that the marker was 
significandy distorted from the expected 1:1 segregation. The positions of QTL are 
indicated by vertical bars next to the group backbone. QTL that were significant at the 
calculated LOD threshold are indicated by a black bar; those significant only at the 
default LOD threshold are indicated by a gray bar. 
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Distorted segregation ratios in segregating populations can arise from competition 

among gametes during fertilization, which is a result of gametophyte genes expressed 

in the haploid genotype. Distorted segregation can also be a result of hybrid sterility 

genes causing the abortion of certain genotypes (Paris et al., 1998). Lethal and sub- 

lethal genes can also result in segregation distortion if they result in embryos that are 

too weak to germinate properly, or plants that die before maturity. Distortions can 

also be caused by unequal crossing over and chromosome mispairing during meiosis. 

This is ftequendy a problem in interspecific crosses, and is one reason for their 

generally lower fertility. The syntany of the genomes of C. pepo and C. moschata is not 

known. However, it is much more difficult to obtain viable seed with the interspecific 

crosses than with intraspecific crosses in either species. 

The segregation at twenty-one loci placed on the map differed significandy from 

the expected 1:1 ratio, as indicated by a distortion score greater than 1.4 or less than 

0.7. (Figure 2-15). One of these loci was the motde leaf trait; the segregation distortion 

was almost certainly environmental, as explained above. Another was the ELISA trait, 

which is probably not monogenic. The other distorted lod were RAPD markers. Five 

linkage groups contained more than one distorted marker. In all cases the distorted 

markers were grouped together. Five of the markers were linked together on linkage 

group 5, three on linkage group 4, and three on linkage group 18 (Figure 2-15). In all 

cases, the cluster of distorted loci was flanked on both sides by markers which 

segregated normally, and the distorted loci were fairly tighdy linked (Figure 2-14). This 

suggests that genes causing segregation distortion by the favoring of gametes 

containing one allelic state may be located near these RAPD markers (Paris et al., 

1998). Linkage groups 10 and 21 each contained a pair of distorted markers at one 

end, while groups 3a and 8b each contained a single distorted marker at one end 

Terminal distortions would be expected if the distorted segregation was caused by 

unequal transmission of chromosome segments from TSFigerian Local' and A0449. 

This could be a result of unequal crossing over, or of lethal alleles from one parent. 

Both markers on group 26 were distorted and loosely linked. The three markers on 

group 20 were also loosely linked, and the middle marker was significandy distorted. 
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Figure 2-15. Graphical illustrations of marker distortion along each linkage group for 
the BQ of the cross A0449 x (A0449 x TSfigerian Local'). The y-axis scale is the 
number of individuals with the A0449 phenotype divided by the number with the 
'Nigerian Local' phenotype. A score of 1 indicates a perfect 1:1 segregation; scores 
below 0.7 and above 1.4 indicate statistically significant deviation from the model. The 
x-axis is labeled with the markers in map order. Only those linkage groups with more 
than two lod are shown. 
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U432 1000    N3 1500      K7_350      L7_550 18750 

Figure 2-15. Continued. 
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It is of course always possible that distorted segregation can be random, or that it 

can be caused by errors in amplification and scoring. Problems with consistent 

amplification and scoring are especially likely with RAPDs, where a 'null' allele is not 

necessarily a reflection of a single gene sequence, and bands of the same size may not 

have the same sequence. Twelve of the distorted markers were distorted in the 

direction of A0449, with an excess of null alleles (Figure 2-15). This included the 

clusters of distorted markers on linkage groups 4, 5, and 21. The remaining ten 

markers, including the cluster on groups 10 and 18, were distorted in the direction of 

TSTigerian Local', such that significandy more individuals had a band present. 

L14_1050, the distorted RAPD marker linked to the ELISA trait on linkage group 26 

was also of this type. A band at 1050 bp was amplified in nearly 75% of the BC, 

individuals by primer LI 4. The bands were not cloned; it is quite likely that two 

separate sequences of the same size were being amplified. It is also possible that there 

are two copies of the same sequence in the Cucurbita genome, as Cucurbita is an 

ancestral tetraploid. 

Loci influencing nine morphological traits have been placed on the map. Only 

two of them have been identified as specific known genes in Cucurbita, mottle leaf (A/) 

and precocious yellow (B). For B, the band at 1700 bp amplified by Operon primer 

110 is actually linked to the recessive allele from TMigerian Local'. Whether this marker 

will be of use to breeders will depend largely on whether there is enough similarity in 

the region surrounding B in C. moschata and C. pepo that the linked RAPD bands will 

amplify and remain linked to the recessive allele in C. pepo. In addition, doubt is cast 

on the placement of B on linkage group 5 by the fact that B is actually linked to 

markers having significandy distorted segregation, while B is not. A marker for B could 

be useful for transferring the precocious yellow phenotype into populations, and for 

maintaining that phenotype when transferring traits from non-precocious yellow 

donors into precocious yellow populations. This marker would permit selection 

against the recessive allele in seedlings. The precocious yellow phenotype does not 

become apparent until plants begin developing female flower buds. This marker may 

also be a beginning point for identifying markers more closely linked to B. Very tightly 
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linked (within 5 cM) markers could serve as beginning points for sequencing B using 

reverse transcription PCR. Knowing the sequence at B would permit comparative 

studies of the precious yellow genes from multiple species of Cucurbita. 

The dominant phenolype has been mapped for M. However, this is the dominant 

allele from C. moschata. Molded leaves are found in many species of Cucurbita, and the 

same gene symbol has been assigned for C. pepo, C. moschata, and C. maxima. It is not 

entirely certain that the genes are allelic in all three species, and even if they are, the 

linked RAPD markers may not be linked in C. pepo. The primary usefulness of a 

marker linked to the mottle leaf trait would be if it turns out also to be linked to the 

whitefly-induced silvering resistance which is linked to M. The marker could also be 

useful for distinguishing genetically mottled or silvered leaves from whitefly-induced 

silvering, allowing more accurate determination of resistance levels. 

The map presented here represents a starting point for the construction of high- 

density maps in Cucurbita. More markers are needed to increase saturation, to complete 

the coverage of the genome and to permit the construction of a true framework map 

with markers evenly distributed throughout the genome. The map needs to be 

anchored with markers that are not population-specific, such as SSRs or RFLPs. More 

morphological traits are needed, particularly more traits specific to C. pepo. Markers 

need to be more tightly linked to the morphological traits, and longer, more specific 

primers need to be developed for best results in marker aided selection. Better 

characterization of the parental genotypes and the development of additional 

populations would also assist in adding morphological traits to the map. In particular, 

a map which could be used in breeding zucchini-type C. pepo cultivars would be of 

interest to the vegetable seed industry. The population used to construct this map was 

well suited to mapping in that the parents were morphologically quite disparate. 

However, TMigerian Local' is of interest only as a source of virus resistance, and yellow 

squash are economically important only in the southeastern United States. 
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A Search for a RAPD Marker Linked to ZYMV Resistance 
from Cucurbita moschata 'Nigerian Local' Using Bulked 

Segregant Analysis 

Introduction 

Zucchini yellow mosaic virus (ZYMV) is one of the most damaging diseases of 

Cucurbita worldwide. The virus is spread in a non-persistent manner by aphids; it can 

also be transmitted mechanically. Plant resistance is the most effective and economical 

means of control. No resistance to ZYMV has been found in Cucurbitapepo, but some 

tropical landraces of C. moschata are resistant. A landrace from Nigeria, C. moschata 

'Nigerian Local', has been widely used in the United States as a source of resistance for 

C.pepo summer squash (Prowidenti, 1997). ZYMV resistance from TMigerian Local' is 

controlled by a single dominant gene when crossed to susceptible C moschata culrivars 

such as 'Waltham Butternut' (Munger and Prowidenti, 1987). 

The objective of this research was to find a molecular marker for ZYMV 

resistance derived from the Cucurbita moschata TSIigerian Local' source. The marker 

should be linked closely enough to the resistance gene that it could be used for 

screening C pepo populations containing the introgressed gene. A molecular marker 

would speed up the screening of large segregating populations, and would allow 

individual plants to be screened for resistance to multiple viruses. It was assumed that 

resistance to ZYMV is controlled by a single dominant gene (Munger and Prowidenti, 

1987; Paris et al., 1988). 

We searched for markers using bulked segregant analysis and RAPDs. Bulked 

segregant analysis was chosen because no near-isogenic lines were available. The 

decision to use RAPDs was based on the relatively low cost and fast throughput, and 

the lack of any genetic maps in Cucurbita species. 
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Materials and Methods 

Plant Material 

The initial population was the BQ progeny of the cross between the Sunseeds C. 

pepo inbred Dark Green Zucchini 1348 and TSIigerian Local', with the zucchini as the 

recurrent parent. This population was chosen because the ultimate goal was a RAPD 

marker which could be used to select for ZYMV resistance from TSIigerian Local' 

introgressed into C. pepo. However, the segregation of resistance in this population did 

not fit the single gene model expected from the Uterature, so a second population was 

chosen (see Appendix A). The actual population used was an intraspecific C. moschata 

cross between 'Waltham Butternut', which is susceptible, and TSIigerian Local'. Again, 

the BQ was used because the F, would not set selfed fruit in the greenhouse. The 

population consisted of plants from two crosses, 'Waltham Butternut' x CWaltham 

Butternut' x TSIigerian Local') and the reciprocal cross ^Waltham Butternut' x 

TSIigerian Local1) x 'Waltham Butternut'. 

Virus inoculation 

Resistance screening was done using an isolate of ZYMV obtained from 

Sunseeds. The Sunseeds isolate was originally obtained from Cornell University, and is 

an isolate of the strain ZYMV-FL. This strain was first isolated in Florida in 1983 

(Prowidenti et al. 1984); it is the most widespread strain in the United States and the 

standard strain used in resistance breeding (Prowidenti 1997). The virus was 

maintained in plants of DGNZ 1348. Approximately 60 ml of packed symptomatic 

leaves were ground with approximately 160 ml of potassium phosphate buffer (2.6 

mM monobasic potassium phosphate and 0.047 M dibasic potassium phosphate, pH 

8.5) in a blender. The homogenate was then placed on ice until needed. Approximately 

60 ml of inoculum were mixed with approximately 3 g of carborundum. Plants were 
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rub inoculated on the cotyledons when the first true leaf was partially expanded (10-14 

days after planting). This late inoculation was necessary to allow the first leaf to be 

collected for DNA extraction. After all plants in a chamber had been inoculated, they 

were misted with water and the lights were turned down for the remainder of the light 

period 

Plants were scored for resistance at 7 and 14 days after inoculation. Resistant and 

questionable plants were re-inoculated using an airbrush 14 days after the initial 

inoculation and scored 7 and 14 days later (21 and 28 days after the initial inoculation. 

Inoculum for airbrushing was prepared as for rub-inoculating, except that the 

inoculum was filtered through several layers of cheese cloth and carborundum was 

added at a rate of 50 mg/ 10 ml inoculum. 'Waltham Butternut' was used as the 

susceptible check, and TSIigerian Local' as the resistant check. 

DAM extraction 

DNA was extracted from freeze-dried tissue using a CTAB-PVP and chloroform 

protocol (Brown et al., 1998). Tissue was harvested from individual BQ plants before 

inoculation with ZYMV. DNA samples for the parents were bulks from five plants, as 

DNA from the individuals used in the crosses was not available. The DNA 

concentration of all samples was measured by flourometry. 

RAPD screening 

The primers screened were Operon sets A through AE, UBC primers 101-200 

and 501-600, and portions of the UBC 400 and 700 sets. A total of 943 primers were 

screened. The total PCR volume was set at 15 ul including 30 ng template DNA, IX 

Taq buffer (without MgCy, 3 mM MgCl2, 0.1 mM dNTP, 1.2 mM primer, and 0.9 

units Taq DNA polymerase (Promega). The reactions were run on an MJ Research 

PTC 100 thermocycler using a cycling program of an initial 2 minutes at 940C, 45 
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cycles of 5 seconds at 940C, 1 minute at 370C, a ramp of 0.5°C second"1 to 540C, 30 

seconds at 540C and 2 minutes at 720C followed by a final extension of 15 minutes at 

720C (modified firom Kobayashi et al., 2000). PCR products were separated on 1.5% 

agarose gels. The gels were stained with ethidium bromide, destained, and 

photographed. 

Each primer was screened first with the two parents. Primers that were 

polymorphic were then screened using the bulks. There was a resistant bulk and a 

susceptible bulk firom each cross, for a total of four bulks. Each bulk contained an 

equal amount of DNA from each of ten individuals. Only plants that had been 

consistendy symptomatic or asymptomatic for two months following inoculation were 

used. Primers which amplified bands appearing to be linked to either resistance or 

tolerance were re-screened on the bulks; if they still produced linked bands they were 

screened on all 40 individuals plus the bulks and the parents. 

AFLP screening 

The parents and bulks were also amplified using AFLP primers. The DNA 

samples were the same as for the RAPD screening. The AFLP protocol was one 

developed for meadowfoam (Katengam, 1999); the only modification was to double 

the amount of Taq polymerase per sample. The DNA was digested with EcoRI and 

Msel restriction enzymes then ligated to adapters containing one selective nucleotide 

and amplified using a pair of primers. The PCR product was then used as the template 

for amplification with a pair of primers with three selective nucleotides. One primer 

was specific for sites cut by EcoRI and the other for sites cut by Msel. The EcoRI 

primer was radiolabeled with dATP containing 33P. Two EcoRI primers and seven 

Msel primers were used, for a total of 14 primer pairs. The product of the second 

amplification was separated on polyacrylamide sequencing gels. The gels were run for 

approximately two hours at 75 volts. They were then mounted on filter paper, dried, 

and exposed to X-ray film for two weeks. 
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Results and Discussion 

Segregation of ZYMV resistance 

Development of ZYMV symptoms in C. moschata has been shown repeatedly to 

be controlled by a single dominant gene. Both the 'Waltham Butternut' x CWaltham 

Butternut' x TSIigerian Local') population and the reciprocal fit the 1:1 ratio expected 

for a single dominant gene in a backcross to the homozygous recessive parent (Table 

3-1). ELISA tests were not conducted on this material, as this work predated the 

mapping study, and there was no indication that the ELISA results would not match 

the visual data. Gilbert-Albertini et al. (1993) did test a C. moschata population 

segregating for resistance to ZYMV with ELISA, and found that all symptomatic 

plants were ELISA positive, while the scores of asymptomatic plants did not differ 

from background. This suggests that the same single gene controls both symptom 

expression and virus replication in C. moschata. As mentioned above, the C.pepo x C. 

moschata popvdation originally screened for this study did not fit the expected 1:1 ratio. 

The inheritance of resistance in that population is discussed in Appendix A. 

Table 3-1. Segregation of the study populations for resistance to zucchini yellow 
mosaic virus. 

Population 

Number of Plants 
Resistant       Susceptible Total 

Expected 
Ratio 

Chi- 
square Probability 

2 
2Az 
2Dr 

32 
17 
15 

35 
20 
15 

67 
37 
30 

1:1 
1:1 
1:1 

0.134 
0.900 
0 

0.71 
0.34 
1.0 

z Population 2A was 'Waltham Butternut' x ^Waltham Butternut' x TSligerian Local") 

7 Population 2D was ^Waltham Butternut' x TSFigerian Local') x 'Waltham Butternut' 
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RAPD Analysis 

The parental bulks were screened with 943 primers, yielding 4,381 scoreable 

bands. Fourteen percent of the bands were polymorphic between 'Nigerian Local' and 

'Waltham Butternut', with 43.3% of the primers giving at least one polymorphic band. 

None of the polymorphic bands was reliably linked to resistance. Operon primers 

A10, Cll, and J8 and UBC primers 115 and 554 gave bands that repeatedly appeared 

to be linked to resistance in the bulks. However, the bands either failed to amplify or 

were completely unlinked when the amplification was repeated using DNA from 

individual plants. 

AFLP Screening 

The parents and bulks were also screened with 14 AFLP primer pairs, which 

yielded 803 scoreable bands. All of the primer pairs gave at least one band that was 

polymorphic between the parental lines, with an average of 9.4 polymorphic bands per 

primer pair. Overall, 16.4% of the AFLP bands were polymorphic between the two 

parents. None of the AFLP bands appeared to be linked to ZYMV resistance. 

Conclusion 

None of the RAPD primers or AFLP primer pairs amplified bands which were 

reliably linked to ZYMV resistance or tolerance. The levels of polymorphism between 

the parents would seem to be sufficient to identify markers linked to resistance. Other 

efforts to find RAPD markers linked to introgressed disease resistance genes have 

produced similar results. These include an attempt to find markers linked to ZYMV 

resistance from Cucurbita ecuadorensis introgressed into Cucurbita maxima (N. Weeden, 

personal communication), and an attempt to identify a marker linked to spotted wilt 

virus resistance in tomato (Stevens et al., 1995). 
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The segregation fit the expected 1:1 ratio in this population, as has been shown 

repeatedly for ZYMV resistance within C. moschata (Paris et al., 1988; Munger and 

Prowidenti, 1987). Only individuals of certain phenotype were used for the bulks. 

With a BQ population, the resistant bulk consisted of individuals heterozygous for 

Zym; a few escapes should not have been detectable in the resistant bulk as I was 

looking only for markers linked in coupling to the dominant allele. However, the 

apparent multigenic nature of ZYMV resistance transferred from C. moschata to C. pepo 

(Paris and Cohen, 2000; see also Appendix A) may explain the failure to find a marker 

linked to resistance. There appear to be at least three genes needed for resistance to 

ZYMV in C. pepo. It is assumed that dominant alleles of two of the three genes are 

present in all C. moschata, such that resistant and susceptible lines differ at only one 

resistance locus. If that is true, both the resistant and susceptible bulks would have 

contained dominant alleles at two of the three lod, while only the resistant bulk 

contained a dominant allele at the third. The sequences are not known for the 

different allele at the three loci, but it is possible that they are similar in sequence as 

they are similar in function. Unoptimized PCR using 10-mer primers has an 

amplification accuracy of only 80-90% sequence match, and the 1.5% agarose gels 

used have a resolution of approximately 15 bp. Thus if the resistant allele at the 

segregating locus differed from the resistant alleles at the other loci by only a few base 

pairs, the difference would not be detected using this technology. 

Another possibility is that Zym is located in an area of high recombination. 

ZYMV resistance genes have been mapped in cucumber and melon; in cucumber the 

major gene is at the end of linkage group Q (Park et al., 2000). In melon the major 

gene is on linkage group IV but its exact location has not yet been published (Danin- 

Poleg et al., 2000). The teleomere has been shown to be an area of extremely high 

recombination (Broun et al., 1992), thus it might be necessary to have extremely tight 

linkage between a gene in an area of high recombination and a marker for it to be 

detectable using bulked segregant analysis. The size of the bulks would also be a 

factor, with larger bulks requiring a tighter linkage between the gene and the marker. 

RAPD markers have been shown to cluster around the centromeric region in some 
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species such as tomato (Saliba-Colombani et al., 2000), but not in others, such as 

beans. RAPD markers are considered to be randomly distributed in cucumber (Park et 

al., 2000). The existing maps for Cucurbita are not saturated, so it is not possible to tell 

if the RAPD markers are randomly distributed. Teleomeric regions have been shown 

to have low marker concentration even in highly saturated maps (Tanksley et al., 

1992). Combine the large si2e of the squash genome (n^O), the ability to identify only 

markers linked in coupling to the resistant allele, the high polymorphism of the 

teleomeric region, and the general paucity of markers in teleomeric regions, and it is 

entirely possible that 943 primers and 614 polymorphic bands were simply not enough 

to find a marker using bulked segregant analysis. 

Finding a marker linked to 7,jm in C. moschata, or the three or more genes 

responsible for ZYMV resistance when it is transferred into C. pepo, may require near- 

isogenic lines, and markers such as microsatellites which are more suited to mapping 

teleomeric regions. Other possible approaches would be to use longer primers, and 

technologies that maximize sequence fidelity in amplification and can resolve bands 

differing by only a few base pairs. 
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Breeding 'Golden Delicious' Type Cucurbita maxima for 
Resistance to Zucchini Yellow Mosaic Virus 

Introduction 

Cucurbita maxima 'Golden Delicious' is a large-fruited winter squash important in 

the Willamette Valley for processing. Pureed flesh is canned or frozen for use in pies 

and other baked goods; the soft-hulled white seeds are roasted and sold as snack food. 

'Golden Delicious' was developed by Gill Bros. Seed Company of Portland, Oregon, 

and released in 1926 (Tapley et al., 1935). The landraces 'Boston Marrow' and 

'Delicious' were the parents of the population from which 'Golden Delicious' was 

selected. In appearance, 'Golden Delicious' is quite similar to 'Golden Hubbard' and 

other precocious yellow Hubbard-like C. maxima winter squash. However, it has thick 

flesh with an unusually high starch content, making it very popular with processors. It 

also has a soft (non-lignified) rind, whereas most Hubbards have very hard rinds. 

The primary processing squash for canned "pumpkin" in the United States is C. 

moschata TDickinson'. This is in part because it is the only squash used by the largest 

processor of canned pumpkin, Libby's (Nesde, 2000). However, 'Golden Delicious' is 

the primary processing squash grown in the Willamette Valley. It is preferred to 

Dickinson in part because it is dual use; the seeds give a greater return to the grower 

than the flesh does. Until 2001 approximately 1600 ha (4000 acres) of'Golden 

DeUcious' were grown for culinary seed, and approximately 400 ha (1000 acres) for 

puree. However, there has been a 75% reduction in seed acreage due to competition 

from Chinese imports. Several companies and grower cooperatives process squash 

grown in the Willamette Valley, and each has its own sources of seed. Often seed is 

simply saved from year to year. Few scientific breeding programs exist for Golden 

Delicious. A program at the University of New Hampshire has developed 'Golden 

Delicious' germplasm but it is focused more on plant architecture than on disease 

resistance. 
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Zucchini yellow mosaic virus (ZYMV) is the primary cucurbit virus in the 

Willamette Valley (McReynolds, 1996). Most years it appears in late summer after grass 

seed and alfalfa fields have been cut, and is only a minor problem (McReynolds, 1996). 

Periodically, it does cause significant losses. Fruit set after a plant is infected with 

ZYMV develops green blotches and bumps on the rind (Figure 4-1), and the flesh 

under the blotches does not ripen. The unripe portions of the flesh contaminate the 

puree, leading to unappealing colors and textures. Fruits set before the plant is 

infected remain symptomless, but mosaic of the leaves and stunting of the vine reduce 

the plant's photosynthetic capacity and decrease sugar accumulation in the ripening 

fruit (Figure 4-1). Thus even symptomless fruit is unmarketable due to low soluble 

solids and off-flavors. 

Figure 4-1. A mature 'Golden Delicious' fruit (left) and 'Golden Delicious' foliage 
(right) showing symptoms of ZYMV infection. 

ZYMV is spread both within and between fields by aphids. Grass seed and alfalfa 

fields often contain large aphid populations, which move to squash fields once the 

grass and alfalfa are cut. It is not known for certain where the virus overwinters in the 

Willamette Valley, but the wild cucurbit Marah oreganus is the principle suspect 

(McReynolds, 1996). The virus may over-winter as a latent infection in this wild 

cucurbit. Because the virus is spread by aphids in a non-persistent manner, it is 
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difficult to control The large vines of 'Golden Delicious' make reflective mulch 

useless. Bees are necessary for pollination, so row covers are not practical. Insecticides 

do not protect from aphids moving in from outside the field, and it has been shown 

that insecticides can increase virus transmission, as aphids probe more on plants which 

have been sprayed (Perring et al., 1992). In addition, insecticides are cosdy, and 

achieving good coverage is very difficult on vine squash. Processing squash has a very 

narrow profit margin. Finally, several of the processors focus on products for the 

organic and infant food markets, both of which insist on absolute minimum use of 

pesticides. While windbreaks may provide some protection, the best answer for the 

growers and the processors is traditional genetic resistance to ZYMV in an open- 

pollinated cultivar. 

The objective of this program is to develop a processing squash for the 

Willamette Valley that has the processing quality of the best strains of 'Golden 

Delicious' and reliable field resistance to ZYMV. 

Materials and Methods 

Plant Material 

Cucurbita ecuadorensis was the source of ZYMV resistance for this breeding project 

(Figure 4-2). This species crosses readily with C. maxima, and is resistant to many 

viruses (Greber and Herrington 1980, Prowidenti et al., 1984). It is considered a wild 

species by taxonomists (Robinson and Decker-Walters, 1997) but six of the nine 

accessions in the United States Department of Agriculture Germplasm Repository 

Information Network database were collected along roadsides or in other human- 

frequented areas (USDA, 2001), and the species show signs of being an incipient 

domesticate. The ZYMV resistance is considered to be quantitative, but is probably 

controlled by only a few genes (Paran et al., 1989; Herrington et al., 1991). C. 

ecuadorensis has relatively large fruit for a wild cucurbit. The flesh is soft, fairly thick. 
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cream colored and can be either bitter or non-bitter. The plants are very viney and 

require more than 120 days to mature fruit under Willamette Valley conditions. 

Figure 4-2. Fruit of Cucurbita ecuadorensis. The green motde pattern was segregating in 
this population, possibly because of inbreeding. 

The initial crosses to C. maxima were done using inbred lines of C. maxima 

'Jarradale' type from Sunseeds, as part of a program to develop bush, virus resistant 

'Jarradale' hybrids. The Jarradales are an Australian winter squash; the fruit are oblate, 

deeply ribbed, and either dark gray-green or white at maturity. Flesh is deep orange 

but mild and rather low in soluble solids. The F, plants were backcrossed to both 

parents, and sibbed to produce an F2 generation. The BC, and F2 progeny were 

transferred to Oregon State University as the basis of the 'Golden Delicious' breeding 

program. A strain of 'Golden Delicious' from Stahlbush Island Farms was used as the 

source of processing quality traits. This population was itself used as a parent for 

backcrossing. The Stahlbush Island 'Golden Delicious' was also crossed to the elite 
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Golden Delicious-type hybrids NH930 and NH940 and the inbred NH65 from the 

University of New Hampshire. The F, hybrids between 'Golden Delicious' and these 

lines were then used as parents in the breeding program. The New Hampshire material 

was introduced into the program in hopes of including some genes for bush 

phenotype. The Australian Jarradale-type cultivar 'Redlands Trailblazer' was used as an 

alternate source of virus resistance in one branch of the breeding program. Tledlands 

Trailblazer' derives its virus resistance from C. ecuadorensisr, its other parent was the 

landrace 'Queensland Blue' (Anonymous, 1991). Unlike in the F2 and BC, populations 

from Sunseeds, the virus resistance had been fixed in Redlands Trailblazer. 

Greenhouse and Field Techniques 

Seeds were started in the greenhouse and screened for ZYMV resistance before 

transplanting to the field. In 1998, seeds were sown individually in 10 cm (4 in.) square 

pots in a warm greenhouse. However, the seedlings became infected with powdery 

mildew, which made determining virus resistance phenotype difficult. In 1999, seeds 

were started in 7.5 cm (3 in.) square pots in growth chambers. Using the growth 

chambers avoided problems with powdery mildew, but thrips, growth chamber 

malfunctions, and insufficient space forced a return to the greenhouse. In 2000, seeds 

were sown two per 7.5 cm (3 in.) square pot in the greenhouse. 

A standard commercial potting mix was used in all years, and seedlings were 

fertilized with slow-release Osmocote® vegetable fertilizer after emergence. Water- 

soluble fertilizer was added as needed. In the field the squash were planted 60 cm (2 

ft.) apart in the row, with 2 m (6 ft) between rows. Vines were trained into the alleys to 

keep the plants separate. In 1999 and 2000 the alleys between the rows were planted to 

grass to minimize weeds and mud. In 1998 and 1999 the adapted parent lines for 

backcrossing were direct seeded; in 2000 they were transplanted like the segregating 

material. A commercial vegetable fertilizer (12N:29P:10K:8S) fertilizer was applied at 

planting at a rate of approximately 261 kg/ha (230 Ib./acre), and the plants were 

watered with overhead sprinkler irrigation as needed. Crosses were done using 
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standard techniques (Whitaker and Robinson, 1986), and the male parent identified 

with a plastic tag around the peduncle of each fruit. 

ZYMV Resistance Screening 

Starting with the BQ and F2 generations, all plants were inoculated with ZYMV 

in the greenhouse or growth chamber and asymptomatic individuals selected before 

transplanting to the field. In 1998 and 1999 virus inoculum was obtained from 

Sunseeds and increased on susceptible zucchini seedlings. The Sunseeds isolate was 

originally obtained from Cornell University, and is an isolate of the strain ZYMV-FL. 

This strain was first isolated in Florida in 1983 (Prowidenti et al., 1984); it is the most 

widespread strain in the United States and the standard strain used in resistance 

breeding (Prowidenti, 1997). However, the Sunseeds isolate has been maintained in 

the greenhouse in continual culture for many years. Consequendy, the virus coat 

protein and aphid transmissibility appears to have been altered. Susceptible C pepo 

seedlings inoculated with the Sunseeds isolate developed strong symptoms; the 

symptoms were weaker on C. maxima seedlings. Tissue from clearly symptomatic 

plants gave only a weak positive response when tested with Enzyme Linked 

Immunosorbant Assay (ELISA) for ZYMV, and the virus was poorly transmitted in 

the field. Thus in 2000, the virus inoculum was obtained from Joy Jaeger at the 

Hermiston Experiment Station; this isolate is from the field in Oregon and is 

representative of the ZYMV found in the Pacific Northwest. Susceptible plants 

inoculated with the Hermiston isolate develop symptoms similar to those caused by 

the Sunseeds isolate, but the positive reaction to ELISA is much stronger and the 

virus spreads reliably in the field. 

Seedlings were first inoculated when the cotyledons had expanded, approximately 

10 days to two weeks after planting. Strongly symptomatic leaves of ZYMV-inoculated 

zucchini plants were soaked in 10% bleach for ten minutes to kill powdery mildew, 

rinsed well, and ground with potassium phosphate buffer (2.6 mM monobasic 

potassium phosphate and 0.047 M dibasic potassium phosphate, pH 8.5) in a blender. 
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The homogenate was then placed on ice until needed. Approximately 60 ml of 

inoculum were mixed with approximately 3 g of carborundum, and then rubbed onto 

the cotyledons by hand. After all plants on a bench had been inoculated, they were 

misted with water. Greenhouse inoculations were done in the evening or on cloudy 

days. In the growth chamber, the lights were turned down for the remainder of the 

light period. 'Golden Delidous' was included in each flat as a susceptible check, and C. 

ecuadorensis was planted in every sixth flat as a resistant check. When the 'Golden 

Delicious' had developed strong symptoms, approximately 14 days after inoculation, 

the plants were scored for the presence or absence of symptoms and the susceptible 

plants discarded. The asymptomatic plants were then re-inoculated using an airbrush. 

Inoculum for airbrushing was prepared as for rub-inoculating, except that the 

inoculum was filtered through several layers of cheese cloth and carborundum was 

added at a rate of 50 mg/ 10 ml inoculum. Two weeks later, any plants that had 

developed symptoms were discarded and the remaining plants were transferred to the 

field. We continued to rogue susceptible plants in the field in 1998. In 1999 and 2000 

virus symptoms were rated in the field using a six point scale, but susceptible plants 

were not rogued. On the six point scale 0 represented a typically symptomatic plant, 3 

was a plant with yellow blotching on the leaves but no mottling, and no fruit 

symptoms, and 5 was a fully healthy plant 

In 1998 and 2000 new growth was harvested from plants which appeared 

resistant at the end of the season and tested with ELISA. In both years, the ELISA 

plates were quantitatively scored on a plate reader. In 1998, the samples were sent to 

Joy Jeager at the Hermiston Experiment Station, where they were tested with double 

antibody sandwich ELISA specific for ZYMV. Tissue from symptomatic 'Golden 

Delicious' was included as a susceptible check. The virus isolate from Sunseeds 

interacted poorly with the ELISA antibodies, such that even the susceptible check was 

only weakly positive. Susceptible checks from Hermiston, inoculated with the 

Hermiston isolate, were strongly positive. In 2000, plants were inoculated with the 

Hermiston isolate, and the samples sent to the WSU ELISA Lab in Prosser, WA, 

where they were tested with a standard potyvirus polyclonal antibody using indirect 
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ELISA. The susceptible checks were strongly positive, and clearly contrasted with the 

resistant individuals. 

Processing Quality 

Each year notes were taken on the size, shape, and rind color of mature fruit in 

the field, and on flesh color and thickness during seed harvest. Flesh samples were 

taken and taste-tested to eliminate any plants with bitter fruit. More formal quality 

tests were conducted in 2000, as there were enough ZYMV resistant plants to permit 

selection based on other traits. 

In 2000, two samples of approximately three square inches each were taken from 

each fruit, one from the stem end and one from the blossom end. The squash was 

cooked for 40 minutes using the OSU Pilot Plant steam belt blancher, then 

immediately chilled in a cold water bath. The flesh was removed from the rind, and 

each sample was packed in a pint canning jar and frozen. As time permitted, the 

squash samples were thawed overnight at room temperature, homogenized in a 

blender and subsampled for analysis of total solids and soluble solids and taste testing. 

Total solids were measured by spreading 10 g of puree in a pre-weighed glass petri 

dish, air-drying overnight, and then drying to completion in a vacuum oven. Samples 

were then weighed, and the weight of the dried sample recorded as a percentage of the 

fresh weight. Soluble solids were measured by draining a heaping spoonful of puree 

through #4 Whatman paper into a glass beaker, then using a digital refractometer to 

measure the brix. The refractometer was cleaned between samples with distilled water. 

The drained puree from the soluble solids test was subjectively tasted, primarily to 

detect fruits that were bitter or had othe unpleasant flavors. 'Golden Delicious' from 

the same field as the breeding lines was used as a control and standard for the 

processing quality tests. The top 15 individuals, selected on virus response, 

appearance, and processing quality, were presented to interested vegetable processors 

at the annual OSU Processed Vegetable Cutting Day during February 2001 for their 

input and evaluation. 
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Results and Discussion 

The goal of this breeding project is an open-pollinated cultivar with good 

resistance to ZYMV throughout the season, the ability to mature in four months 

under the warm day-cool night conditions of the Willamette Valley, good quality fruit, 

and large, well-filled white seeds. The following characteristics define good quality 

fruit: weighing more than 4.5 kg (10 lbs.); having soft reddish-orange rind with no 

green; orange or golden yellow pericarp which does not darken when cooked; pericarp 

at least 3 cm thick; a pleasant, mild flavor; brix of at least 7% and total solids around 

10%. Tolerance to powdery mildew, resistance to other viruses, and short vines with 

clustered yield are secondary goals. The project is ongoing; the primary goal has not 

yet been reached but substantial progress has been made (Table 4-1). 

Table 4-1. Summary of progress towards ZYMV-resistant 'Golden Delicious' squash. 

No. of 1" Field    2nd Field 
Total Total Lines with Greenhouse    Reading    Reading 
No. of No. of Resistant No. of 

Year Lines Plants Plants No. of Resistant Plants Selections 
1998 10 469 9 106             N/A*            83 28 
1999 37? 1575 29 178                 94              32 26 
2000 34x 1869 34 626              319           285 35^ 

2 In 1998 plants were rogued as soon as symptoms developed in the field, and 
resistance counts were made only at the end of the season. 

y In 1998 virus resistant plants were selfed, and used as both male and female in 
crosses to adapted lines, so some selections were represented by more than one 
cross. 

11 The planting for 2000 included the selections from 1999, seed from open-pollinated 
fruit from three virus resistant plants, and remnant seed of five lines from 1998 
which had shown high levels of resistance in 1999 but had not set fruit after 
controlled pollination. 

w In 2000 selections were made for fruit quality as well as yield. Only the two best 
plants were selected from most plots; further selections were made based on 
processing quality. 
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The project started in 1998 with IOC maxima 'Jarradale' x C. ecuadorensis lines 

(Table 4-2), and four Golden Delidous-type lines. The 'Jarradale' x C ecuadorensis lines 

were selected for resistance to ZYMV in the greenhouse, then transplanted to the 

field. There were 106 resistant plants or 22.6% of the total population. The Golden 

Delidous-type lines were direct-seeded. Pollinations between the two sets of lines 

were made in both directions, and many of the 'Jarradale' x C. ecuadorensis plants were 

selfed. Fruit and vine characteristics were noted for the jarradale' x C ecuadorensis 

plants. Seed was harvested from 79 crosses. 

Table 4-2. C maxima 'Jarradale' x C. ecuadorensis material used as resistant parents in 
1998 

Line No. of seeds planted No. of resistant plants 
29 
41 
15 
4 
3 
5 
7 
0 
2 

 10  

Fruit was harvested from ten of the 'Jarradale' x C. ecuadorensis plants; five of the 

plants produced bitter fruit. Presumably, the C. ecuadorensis parent carried the bitter 

gene. It is also possible that the bitterness was caused by multiple complementary 

dominant genes, with one or more coming from each species. Borchers and Taylor 

(1988) obtained a bitter-fruited F, after crossing a nonbitter C. argyrospermavnxh a 

nonbitter C. pepo; they concluded that bitterness was controlled by three dominant 

genes, two of which were present in the C. pepo parent and the third in the C. 

argyrospema parent Four of the 69 'Golden Delidous' type fruits were also bitter, 

although less so than the 'Jarradale' x C. ecuadorensis fruits. The 'Golden Delidous' type 

F2#l 85 
F2#2 139 
BCi to Jarradale 123 
BCi to C. ecuadorensis 12 
OP fruit off Fi-#1 36 
OPfruitoffFi-#2 36 
OP fruit off F, - #3 22 
F3#l 9 
F3#2 6 
Tledlands Trailblazer' 10 
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plants were pure C. maxima. Many off flavors can arise in crosses among C. maxima 

types, suggesting that some minor genes for bitterness might have been segregating in 

the material. Many of the non-bitter C. maxima fruits were watery with slighdy burnt 

flavors and little sugar. It is possible that environmental stress and late season ZYMV 

infection affected their flavor. Twenty-eight lines were selected for planting in 1999, 

based primarily on fruit characteristics including freedom from bitterness. 

Many of the crosses selected in 1998 turned out to be completely susceptible, and 

germination was often poor. The low levels of resistance were to be expected, as 

ZYMV resistance is quantitative in C. ecuadorensis, and many of the selected crosses had 

a 'Golden Delicious' type as one parent. Out of 17 lines in the first growth chamber 

planting, 11 were completely susceptible, and only one had more than three resistant 

individuals (Table 4-3). There were 30-36 plants per line. A second planting was made 

with additional individuals of the lines from the first planting with resistant individuals 

and additional lines that had less desirable fruit. The second planting was started in the 

greenhouse and moved to the growth chamber after inoculation. Two seeds were 

planted per pot for most lines, doubling the number of individuals. The second 

planting was plagued with thrips and angular leafspot (Pseudomonas syringae pv 

lachrymans), both of which interfered with scoring virus symptoms. Both thrips and 

leafspot cause stunting, distortion and necrosis of leaves, making it difficult to 

determine if the mosaic symptom is present. All of the lines had at least one plant that 

was not clearly susceptible; many had 10-20 (Table 4-3). All resistant or questionable 

plants from both plantings were moved to the field. A third planting was seeded 

direcdy into the field. However, virus inoculation in the field was problematic, and 

plants did not develop symptoms in time for controlled pollinations to be made. 
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Table 4-3. ZYMV resistance levels in C. maxima lines in the greenhouse in 1999. 

First Planting Second Planting 
No. of No. No. of No. 

Cross2 plants resistant Cross plants resistant 
(NH 930 x GD) x 40 28 1 (NH 930 x GD) x 33 36 18 
(NH 930 x GD) x 83 32 0 (NH 930 x GD) x 30 37 5 
(NH 930 x GD) x 38 33 0 34 x (NH 930 x GD) 66 19 
(NH 930 x GD) x 9 12 1 38 x (NH 930 x GD) 37 3 
(NH 65 x GD) x RLTB 35 3 (NH 65 x GD) x RLTB 73 4 
(NH 930 x GD) x 12 33 0 (NH 930 x GD) x 34 75 4 
(NH 930 x GD) x 34 36 11 38 selfed 36 10 
(NH 930 x GD) x 36 34 0 (NH 930 x GD) x 29 101 14 
(NH 65 x GD) x 73 33 0 (NH 930 x GD) x 28 38 14 
(NH 65 x GD) x 82 36 0 (NH930xGD)xl8 67 8 
NH 930 x 14 34 0 NH 930 x 14 37 1 
GDx89 32 0 (NH 930 x GD) x 2 35 3 
(NH 930 x GD) x 13 31 1 (NH 930 x GD) x 13 38 10 
GDx90 34 2 (NH 940 x GD) x 52 37 1 
NH 940 x 40 35 0 (NH 930 x GD) x 40 35 1 
(NH 930 x GD) x 37 36 0 34 selfed 65 5 
(NH 65 x GD) x 36 33 0 40 x (NH 930 x GD) 36 4 

(NH 930 x GD) x 1 29 13 
GDx37 36 13 
(NH930xGD)xll 33 10 
(NH 930 x GD) x 10 30 13 
NH 930 x 87 11 3 
(NH 930 x GD) x 8 31 8 

2GD is 'Golden Delicious' and RLTB is Redlands Trailblazer 

A total of 178 plants from the first and second plantings were transplanted into 

the field at the end of June. They constituted 11.3% of the original seedling popialation 

(Table 4-1). Twenty-nine lines were represented. Plants were scored again for virus 

resistance on August 19. By this time, 84 more plants had developed virus symptoms, 

as indicated by a score of 2 or less. Plants with a score greater than 2 were self- 

pollinated or backcrossed to one of the adapted lines. Virus symptoms were rated a 

fourth time on September 15; 32 plants (2% of the original population) were still free 

of virus symptoms. Another 17 plants had ratings of 4 or 4.5, indicating that there was 

blotching on the leaves but no mottling or fruit symptoms. Mature fruit was harvested 
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from 24 resistant plants. The other plants were either very late, with no mature fruit, 

or had only male flowers. Open-pollinated fruits were also harvested from a few plants 

of the third planting, which were virus resistant and had excellent fruit and vine 

characteristics. Four of the selected plants had bitter fruit and were rejected after 

harvest. It is assumed that the bitterness came from Cucurbita ecuadorensis. The four 

plants were from four different crosses in 1998; in one case six other plants from the 

same cross were selected, all of which had non-bitter fruit. This suggests that the 

bitterness encountered in C. maxima and/or C. ecuadorensis is not controlled by a single 

dominant gene as in C. pepo. 

In December 1999, the 26 lines ultimately selected from the field were screened 

for resistance to ZYMV with the thought of entering them in a winter nursery in 

Puerto Rico. Ten seeds from each line were planted, and the plants inoculated with the 

Hermiston ZYMV isolate. Germination was poor on some lines, and only four were 

uniformly resistant, so none were sent to Puerto Rico. However, the results of this 

screening were used to divide the selections into two groups based on their resistance 

potential Lines in Group A had shown >50% resistance in December, lines in Group 

B had shown <50%. 

In May 2000 76 seeds of each line in Group A and 38 seeds of each line in Group 

B were planted in the greenhouse. In addition, 38 seeds of each of five lines that had 

looked promising in 1999 were planted. Four weeks after inoculation with ZYMV, all 

lines had some resistant plants, and 22 of the 34 lines showed >50% resistance (Table 

4-1). Six hundred twenty-six plants were transplanted into the field, or 33.5% of the 

original seedling population. Pollinations were mosdy backcrosses to either 'Golden 

Delicious' or (NH 930 x Golden Delicious) Fj. The virus resistant plants were used as 

the females. Plants were scored again for resistance on August 1; 319 plants (50.9%) 

were free of virus symptoms. Three weeks later the number of resistant plants had 

dropped to 285 (Table 4-1). 

This was the first year that the level of virus resistance was high enough to permit 

significant selection for other plant and fruit traits. Notes were taken on fruit shape, 

size, and color, on plant habit, and on powdery mildew susceptibility. Plants were 
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selected in the field on the similarity of their fruit to that of Golden Delicious, and on 

tolerance to powdery mildew. Seventy-seven plants were selected (4% of original 

population). At least two plants were selected from each plot. New growth was 

collected from the selected plants and ELISA-tested for ZYMV. Seven plants tested 

positive, as indicated by an ELISA optical density (OD) greater than 1.0. Another 11 

plants had ELISA ODs between 0.3 and 1.0, indicating that their resistance was 

questionable. These 18 plants were dropped from the selected group. 

Both internal and external fruit color are important to processors. External color 

must be of a shade that will blend with the processed puree, thus processing squash 

usually have orange or buff rinds. Green or black-green rind will look like grit if any 

rind is incorporated into the processed product. "Grit, sand, silt or any coarse, dark, or 

off-colored particles" in the product is unacceptable, both to the consumer and the 

government (USDA, 1957). Internal color must result in "a practically uniform bright 

color typical of canned pumpkin or canned squash prepared from a well-matured 

pumpkin or squash" (USDA 1957). In practice, this means deep yellow- or orange- 

flesh that does not darken to brown when cooked. 'Golden Delicious' has deep 

golden-yellow flesh; fruits in this program were selected based on similarity of color to 

Golden Delicious. 

Fruit weights ranged from 1.6 kg to 9.5 kg. (Figure 4-3); the mean fruit weight for 

the 'Golden Delicious' plot was 5.6 kg, with a range of 4.4 to 7.2 kg. Thirty-seven of 

the selections (48%) had fruits that were as heavy or heavier than the smallest 'Golden 

Delicious' fruit. Wall thickness ranged from 2.5 cm to 5.5 cm (Figure 4-4). 'Golden 

Delicious' has walls 3 cm thick; all but four plants in the selected group had walls as 

thick or thicker than Golden Delicious. 
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Figure 4-3. Frviit weights for the selected virus resistant plants from the Cucurbita 
maxima breeding program in 2000. 

25 

20 

5 
£   15 
e 

jj   10 
G 

2.5 

^^^M 

n 
3.5 4 4.5 

Wall  Thickness  (cm) 

5.5 

Figure 4-4. Equatorial flesh thickness of fruit from plants selected for virus resistance 
in the Cucurbita maxima breeding program in 2000. 
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The mechanics of processing require that the squash puree be thick, but not so 

thick that it will not flow. According to the USDA grading standards. Grade A canned 

squash or pumpkin must retain the approximate shape of the container or hold a high 

mound formation for at least two minutes after emptying the container onto a dry, flat 

surface (USDA, 1957). It must also have particles that are evenly divided, be fine- 

grained and smooth but not pasty, and not have hard particles. 

Thickness is determined by the proportion of starches and other non-soluble 

materials in the flesh to water; it is measured as the percent total solids. The ideal 

processing squash would have 10% total solids. 'Golden Delicious' has approximately 

11% (11.66% for our sample), which is slighdy too thick. Total solids are affected by 

environment as well as genetics, and will vary over years. Thus, it is necessary to 

include 'Golden Delicious' as a standard each year. Overly thick squash can be 

blended with other cultivars in processing to bring down the total solids, but that adds 

difficulties which the processors would prefer to avoid. Seventeen of the plants had 

fruit with between 9% and 11% total solids (Figure 4-5). 

Figure 4-5. Puree thickness of the ZYMV resistant Cucurbita maxima selections for 
2000, measured as percent total solids. 'Golden Delicious' was 11.66 % total solids. 
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Consumers expect canned squash or pumpkin to be of a consistent sweetness so 

that it gives viniform results in recipes. Processors wish to obtain the desired sweetness 

without adding sugar, as it is an added expense. Sugar content or sweetness is 

measured as percent soluble solids, or brix; 7% soluble solids is the minimum 

acceptable. The 'Golden Delicious' sample had 7.87% soluble solids. Thirty plants had 

fruit with at least 7% soluble solids (Figure 4-6). 
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Figure 4-6. Percent soluble solids in ZYMV resistant C. maxima selections for 2000. 
'Golden Delicious' was 7.87% soluble solids. 

Soluble solids are an important measure of sweetness, but squash flavor is very 

complex. Bitterness is caused by cucurbitadns; it is controlled by a single dominant 

gene in C. pepo. However, inheritance of bitterness has not been determined in C. 

maxima, and it appears to be more complex. The fruit of some plants developed a taste 

and smell reminiscent of burnt plastic. The cause of this is not known, but it appears 

to be genetic in that selection against it is effective..The burnt plastic taste is unlikely 

to be caused by reducing sugars (R. McGorrin, personal communication). Many 

aromatic compounds are also involved in the flavor of squash. Finally, a sample can 
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have an acceptable brix, but still not taste sweet. The most efficient way to measure all 

of the variables associated with flavor is to taste the puree. Subde differences in flavor 

require proper organoleptic double-blind trials using trained tasters and randomized, 

rephcated samples. However, that is not practical for making initial selections among 

breeding lines, nor is it necessary if the goal is merely to eliminate the worst-tasting 

material. Twenty-one plants were eliminated because of unpleasant flavors in the 

puree. 

Seed color is unimportant for production of canned puree, but it is vital for use of 

the seed as snack seed. Both snack seed and puree are important products to 

Willamette Valley growers and processors, and to replace 'Golden Delicious' the 

ZYMV resistant cultivar must also be dual use. 'Golden Delicious' and the New 

Hampshire lines used as the adapted parents in this program have bright white seeds 

with soft seedcoats. Cucurbita ecuadorensis and 'Jarradale' both have tan colored seeds 

with hard seedcoats. Hard brown seedcoats appear to be dominant to white seedcoats 

in C. maxima. However, backcrossing followed by selfing has enabled the recovery of 

many white-seeded lines in the virus resistant population. 

ZYMV resistance, flesh color, flesh thickness, fruit weight, total solids, soluble 

solids, flavor, and seed coat color were used to select the 15 best plants from the 

original group of 77 harvested (Table 4-4). Another 20 lines were selected which were 

acceptable for most evaluation factors but had one significant flaw (Figure 4-7). Each 

of these 35 plants was crossed to 'Golden Delicious' or NH930 x 'Golden Delicious' 

in the summer of 2000. The seed from those crosses will be planted in the summer of 

2001 and another round of selections made. The selected plants will be selfed. 
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Figure 4-7. Some of the harvested fruit from 2000. The dark green fruits were selected 
for crossing to C. maxima 'Buttercup'. 



Table 4-4. Traits of the best selections for 2000, a 'Golden Delicious' fruit from the same field, and the ideotype towards which the 
breeding program is working, "ns" indicates that the plant was not sampled. 

Fruit Flesh 
ELISA Seed Weight Thickness 

Plant OD Shape Rind Color Size Flesh Color Color (kg) (cm) % Solids Brix Flavor 
1-10 0.1425 long light orange large golden orange white 6.5 4.7 7.8 6.4 slighdy sweet, bland 
2-10 0.1225 heart light orange medium orange gray 4.5 4.0 12.3 7.1 good, sweet 
2-25 0.1205 oval orange medium orange white 4.3 3.3 8.1 5.8 bland and watery, 

mild 
31-7 0.202 oblate orange medium golden yellow 

with green 
white 4.8 4.0 12.8 8.6 sweet 

5-4 0.1315 oblate orange medium golden orange white 3.2 3.0 13.3 8.5 good, hint of carrot 
33-1 0.118 round yellow large golden orange white 5.4 4.0 11.6 5.7 sweet, mild 
33-4 0.1025 turnip orange large orange white 6.1 3.4 14.9 7.4 sweet 
8-13 0.1275 round orange large orange brown 3.3 3.4 11.6 8.5 good 
8-16 0.2345 trapezoid pale orange medium yellow-orange brown 4.8 3.9 11.2 9.1 sweet, mild 
9-6 0.12 round orange large pale orange 

with green 
brown 4.3 3.5 12.2 10.5 very sweet 

10-6 0.145 oblate yellow large golden orange white 5.6 4.8 14.5 10.2 very sweet, good 
12-4 0.1315 heart dark orange large golden orange white 4.6 3.1 10.2 6.4 good, not sweet 
13-11 0.1085 turnip orange medium orange white 3.2 3.5 8.5 7.7 mild 
17-28 ns heart orange small yellow-orange white 2.3 2.5 12.5 6.6 bland but nice, good 

texture 
21-17 0.1255 heart orange large golden-orange 

with green 
no seed 5.8 3.8 15.1 7.7 mild, not sweet, thick 

'Golden >1.0 heart red orange large golden orange white 5.6 3.0 11.7 7.9 sweet 
Delicious' 
Goal <0.3 basically 

round 
reddish-orange : large orange or 

golden yellow 
white >4.5 >3.0 approx. 

10.0 
>7.0 thick, pleasant and 

mild 

HA 
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The fifteen best selections from 2000 came from twelve different plots, with each 

plot being the progeny of a single plant from 1999. One of the plots traces its 

resistance back to 'Redlands Trailbla2er'; the other eleven trace back to the 'Jarradale' 

x C. ecuadorensis FjS. Interestingly, all eleven plots are descended from the same 

'Jarradale' x C ecuadorensis F, plant (#2). Neither the other F2 populations nor the 

backcrosses are represented. Of the 34 lines planted in 2000, nineteen were from 

'Jarradale' x C. ecuadorensis F, #2 (Table 4-5). The plots descended from Fj#2 also had 

the highest percentage of resistant plants. This suggests that F, #2 may have had more 

ZYMV resistance alleles than the other Fj plants. The Jarradale' parent was an inbred 

line, but C. ecuadorensis had been maintained primarily as an open-pollinated population 

and was segregating for the level of ZYMV resistance. All of the Fj plants were full 

sibs from the same cross. The low number of plots descended from the open- 

pollinated progeny of the F, and from the backcross to Jarradale' are not surprising, 

as both types of cross would decrease the number of resistance alleles in the progeny. 

The complete lack of plants descended from the backcross to C. ecuadorensis is 

attributable to only twelve plants from the cross being included in 1998, as opposed to 

over 80 plants for each of the selfed FjS and the backcross to Jarradale. Fj #3 and the 

backcross to 'Jarradale' are represented in the second tier of selections for 2000, but all 

of the F,#l resistant selections were cut because of unacceptable fruit quality. 

An estimate of the progress made by selection in a single year can be gained by 

comparing the percentage of resistant individuals for the progeny of the 1999 

selections planted in 2000 with that for the five plots planted in 2000 with remnant 

seed from 1999. The remnant seed plots had a mean resistance of 3.14%, compared 

with 18.6% for the progeny of the 1999 selections. The remnant seed was of lines that 

had shown good resistance in 1999. 
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Table 4-5. The success of the 'Jarradale' x C. ecuadorensis^ lines from 1998 as determined 
by the number of progeny plots retained in 2000, and the average level of ZYMV 
resistance for the progeny plots from each 1998 line. There were 34 plots in 2000. 
Pedigree information was lost for two plots, and one plot derived its resistance from 
'Redlands Trailblazer'. 

'Jarradale' x C. ecuadorensis Line # of progeny plots in 2000 % resistant plants 
Fi #1 selfed 6 7.4 
Fi #2 selfed 19 18.1 
Fi #3 OP* 4 10.6 
Fj #4 OP 0 0 
F,#5 OP 0 0 
'Jarradale' x F, 2 5.2 
C. ecuadorensis x Fi 0 0 

2 OP stands for open-pollinated fruit. 

All but two of the pedigrees for the best selections in 2000 follow a pattern of 

alternating selfing and backcrossing to an adapted parent (Figure 4-8). The generations 

of selfing appear to be important for recombining ZYMV resistance with the desired 

processing traits. Molecular marker studies in sunflower have shown that breeding 

strategies combining selfing or sib-mating with backcrossing are more effective than 

backcrossing alone in introgressing linkage blocks across complex genetic or sterility 

barriers (Rieseberg et al. 1996). Most lines that had two successive backcrosses to the 

adapted parent were completely susceptible to ZYMV in the third season. 

Backcrossing to C. ecuadorensis should have been a successful strategy for increasing the 

resistance levels in the early years. However, only a dozen seeds were planted from 

that cross in 1998, and they all proved to be susceptible to ZYMV. Several pedigrees 

have been continued with repeated selfing from the initial 'Jarradale' x C. ecuadorensis 

cross. They are no more virus resistant than the lines created by alternating selfing and 

backcrossing, and the fruit traits are of lower quality. In addition, the selfed material 

has tended to be late and to have only male flowers. 
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'Jarradale' x C. ecuadorensis 

NH 65 x 'Golden Delicious' 

i I 
B 

A      F, x 'Redlands Trailblazer' selfed 

I 
!• 

'Golden Delicious' x 

F, selection 1999 #1 

I   selfed 

2000 #1-10 x (NH 930 x GD) 

1 
F2 selection 
1998 #13 

1999 #8 

selfed . 

1 2000 #17-28 x 
(NH930xGD) 

2001 plot #5 
I 

2001 plot #33 'Jarradale' x C. ecuadorensis 

NH 65 x 'Golden Delicious' 

'Jarradale' x C. ecuadorensis 

NH 930 x 'Golden Delicious' 1 
F,* 

selfed 
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1998 #68 

1 
F,* 

1 
D 

1999 #7 

selfed 

1 #33 I' 
2000 #13-11   xGD 

2000 #31-7 xGD 

1 I 
2001 plot #32 

2001 plot #12 

Figure 4-8. Pedigrees of the 15 best C maxima plants selected for ZYMV resistance 
and fruit quality in 2000. GD = 'Golden Delicious'. 
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Figure 4-8. continued. 
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Conclusions 

Several conclusions can be drawn from this breeding program. First, it is clearly 

possible to recover material with good virus resistance and adequate fruit quality in a 

short time when introgressing virus resistance from C. ecuadorensis into C. maxima 

(Figure 4-9). However, it is necessary to remember that virus resistance is quantitative, 

and to use large populations and select heavily for resistance in the early generations. 

Resistance levels are particularly impacted by backcrossing to the susceptible parent. 

While a program of recurrent backcrossing might work, it would require even larger 

populations than used here to be assured of making progress. Selfing the resistant 

progeny permits the resistance genes to recombine and increases the level of resistance 

in the next generation. Resistance appears to be additive and dominant. Because of 

this, F, hybrids between a resistant inbred and a susceptible inbred would probably be 

only tolerant. This has been seen in C. pepo with the ZYMV resistant Fj hybrid 

zucchini, which develop symptoms under high disease pressure (Robinson and 

Prowidenti 1997). However, F, hybrids between resistant inbreds might be even more 

resistant than the inbreds, if there is heterosis for resistance as there is for other 

quantitative traits such as yield. Whether the added resistance would be worth the 

effort of creating multiple resistant inbreds and testing them for combining ability is 

questionable. Most of the advanced selections in this breeding program derive their 

resistance from a single source, so it would probably be necessary to develop 

additional material to obtain inbred lines which were genetically unrelated enough to 

display significant heterosis. 

All of the selections for 2000 were backcrossed to either 'Golden Delicious' or 

NH 930 x Golden Delicious. Backcrossing is expected to have reduced the level of 

ZYMV resistance somewhat; in many cases the fruit quality was high enough in 2000 

that it would have been preferable to self the selections. Unfortunately, one of the 

difficulties in breeding winter squash is that essentially no information about fruit 

traits is available when the pollinations are made. The greenhouse virus resistance 
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screening process delays the growth of the plants somewhat, so that they typically do 

not begin to flower in the field until the last week of July. The resulting pollination 

window is too short to reliably set two hand-pollinated fruits per plant, making it 

difficult to both self and backcross all of the selections each year. Selections will be 

selfed in 2001, and if the virus resistance levels are adequate, will probably selfed or 

open-pollinated in isolation (sibbed) until the population is uniform enough for release 

as an open-pollinated cultivar. 

Figure 4-9. Fruit of'Golden Delicious', left, and selection 12-7 from 2000. Selection 
12-7 was derived from pedigree D. This selection looked the most like 'Golden 
Delicious', but its flavor was somewhat bland. 
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Summary 

The goals of this research were to construct a genetic map of Cucurbita and to 

address the problems of zucchini yellow mosaic virus (ZYMV) infection in Cucurbita. 

Three approaches were taken. The first approach was to use random amplified 

polymorphic DNA (RAPD) markers to construct a framework map of a C. pepo 

summer squash x TSFigerian Local' population. The goal was to develop a map which 

would serve as a foundation for further mapping studies in Cucurbita, and to map as 

many morphological traits as possible to begin developing markers useful to squash 

breeders. The second approach was to develop interspecific crosses between various 

C. pepo summer squash lines and TSIigerian Local', and then use bulked segregant 

analysis to search for molecular markers linked to ZYMV resistance. The third was to 

develop a breeding program to transfer ZYMV resistance from the wild Cucurbita 

ecuadorsnsis into C. maxima squash of the 'Golden Delicious' type. 

A framework map of Cucurbita was constructed using RAPD markers and 

morphological traits. The mapping population was the BC, of the yellow straightneck 

squash inbred line A0449 (C pepo) with TSTigerian Local', with A0449 as the recurrent 

parent. The 162 individuals of the mapping population were screened with 378 10-mer 

primers and data were collected on 25 morphological traits. This information was used 

to construct a map with 29 linkage groups that covers 1,981 cM. The map contains 

149 RAPD markers, 4 qualitative traits, and 5 quantitative trait loci. Based on 

comparison with the high-density map of melon, this map covers approximately 75% 

of the squash genome. However, there are many large gaps between markers; a 

number of small linkage groups, and nine morphological traits and nine RAPD 

markers that remain unlinked. Using just the BQ, significant loci could not be 

identified for many of the quantitative traits. 

The second approach, identifying a molecular marker linked to ZYMV resistance 

ficom C. moschata TSIigerian Local', failed to give the expected resvdts. The results of this 

study, and of research done elsewhere (Paris and Cohen, 2000) show that ZYMV 

resistance from C. moschata is actually controlled by multiple unlinked genes, all of 
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which must be transferred into C. pepo for full resistance. Resistance appears to be 

controlled by a single gene in C. moschata because the other genes are ubiquitous in that 

species. The BC, of the intraspecific C. moschata cross 'Waltham Butternut' x TMigerian 

Local' segregated 1:1 resistant: susceptible as expected. Bulked DNA from resistant 

and susceptible progeny, and the parents, was screened with over 900 10-mer RAPD 

primers, and 14 AFLP primer pairs, but no markers linked to the segregating 

resistance gene were identified. The reasons for this are unknown, but it is possible 

that the resistance locus is located in a region of very high recombination, or one 

which is poorly amplified by RAPDs. It is also possible that the sequence differences 

between the different genes controlling ZYMV resistance are too small to be identified 

using RAPDs or AFLPs. Attempts in other species to find markers linked to 

apparendy qualitative disease resistances have also failed (Stevens et aL, 1995) 

The third approach, breeding a ZYMV-resistant 'Golden Delicious' cultivar for 

the Willamette Valley, is well on the way to being fulfilled. Fifteen plants were selected 

in 2000 that combined a high level of virus resistance with good processing quality. 

Those plants were again backcrossed to lines with good processing characteristics to 

further improve quality. If money can be found to continue the program, it should be 

possible to develop an open-pollinated cultivar with both a high level of ZYMV 

resistance and good processing quality in only a few more years. 

A molecular marker which could be used to more efficiendy breed ZYMV 

resistant squash was not identified in either the mapping population or the populations 

used for bulked segregant analysis. However, the framework map that was developed 

should be a useful foundation for future mapping efforts in Cucurbita. Much needs to 

be done to develop genomic maps and other molecular tools for Cucurbitcr, like many 

crops of low economic importance in developed countries, Cucurbita has benefited 

little from modem genomics work. The populations developed for the molecular 

marker work have provided some valuable insights into the inheritance of ZYMV 

resistance, particularly as regards its behavior in a C pepo background. Future studies 

should regard ZYMV resistance as a quantitative trait, and search for markers using 

QTL analysis. 
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The ZYMV resistant 'Golden Delicious' will hopefully be useful and beneficial to 

the squash growers of the Willamette Valley and other regions. Their industry had 

been plagued by processor closures and competition from foreign imports. However, 

the current interest in the nutritional and health benefits of foods should increase the 

demand for both squash puree and squash seeds, as squash are very high in vitamins, 

including pro-vitamin A, and contain a number of compounds with medicinal effects. 
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The Inheritance of ZYMV Resistance from Cucurbita 
moschata 'Nigerian Local' in Cucurbita pepo 

Introduction 

Zucchini yellow mosaic virus is a problem of cucurbit crops worldwide, and 

significandy limits the seasons and locations in which squash can be grown. Genetic 

resistance has been found in some wild species, and in tropical landraces of C. 

moschata. However, the most economically significant Cucurbita are C. pepo, particularly 

summer squash of the zucchini type. No genetic resistance has been found in C.pepo. 

Breeders have been able to transfer resistance from two C. moschata landraces, 

TSIigerian Local' and 'Menina', into elite C. pepo material, and a number of resistant or 

tolerant zucchini hybrids are available. Significandy, C. pepo lines containing the 

resistance genes from TSFigerian Local' or 'Menina' are generally less resistant than the 

C. moschata parent. 

The inheritance of ZYMV symptoms in crosses to susceptible temperate C. 

moschata cultivars has been studied for both TSFigerian Local' and TVIenina' (Munger and 

Prowidenti, 1987; Paris et al. 1988). In both cases, symptom expression is controlled 

by a single dominant gene, Zjm. The allelism of the resistances from 'Menina' and 

TSfigerian Local' has not been determined. ELISA tests were used in a study of ZYMV 

resistance from TMenina', and asymptomatic plants were consistently ELISA negative 

(Gilbert-Albertini et al., 1993). 

Breeders have long realized that when ZYMV resistance is transferred from 

TSfigerian Local' or 'Menina' into C. pepo, the single gene model of inheritance breaks 

down. Segregating populations regularly contain an excess of symptomatic plants, and 

resistance becomes sensitive to the strain of ZYMV present and to environment. Paris 

and Cohen (2000) studied the inheritance of resistance from 'Menina' in C. pepo by 

comparing resistant and susceptible vegetable marrow lines. They concluded that 

resistance was controlled by three dominant genes, with Zym being epistatic over the 

other two genes. Zym plus one other dominant allele was sufficient to block symptom 
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expression for a short time after inoculation, but by one month after inoculation only 

plants with all three dominant alleles remained symptomless. 

The objective of the current study was to determine the inheritance of resistance 

from TSIigerian Local' in C. pepo. The study was begun in 1997, before the work of 

Paris and Cohen was published. It was conducted as part of an attempt to identify 

molecular markers for ZYMV resistance from 'Nigerian Local', and to place the 

resistance locus or loci on the genomic map of Cucurbita. 

Materials and Methods 

Populations 

Four populations were used in this study. Population one was an interspecific 

cross between C.pepo 'DGNZ 1386', an elite zucchini inbred from Sunseeds, and C. 

moschata TSIigerian Local' of the form zucchini x (zucchini x TSIigerian Local'). DGNZ 

1386 is susceptible to ZYMV. The BC, was used because the fertility of the 

interspecific ¥x was too low for self-pollination. Population two was an F2 population 

produced by self-pollinating plants of the tolerant F, hybrid cultivar TDividend' 

(Novartis Seeds). TDividend' obtains its ZYMV resistance from 'Nigerian Local' 

(Prowidenti, 1997). Population three was the cross A0449 x (A0449 x 'Nigerian 

Local') used to construct the Cucurbita genome map. This cross is fully described in 

Chapter 2. Population four was the BQFj progeny of population 3, created by self or 

sib pollinating. This population consisted of 26 separate lines that could be grouped 

into four types of crosses based on the response of the parents to ZYMV. 
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ZYMV Inoculation 

Population one was grown and screened for resistance in the greenhouse at 

Sunseeds in Brooks, Oregon in multiple plantings from November 1997 through 

March 1998. Population two was grown and screened in two plantings in the growth 

chamber and greenhouse at Oregon State University from August through November 

1998. Inoculation was done in the growth chamber under conditions of 320C 

day/250C night with 16 hours of light. After the first scoring, plants were moved to 

the greenhouse. Both populations one and two were inoculated by rubbing inoculum 

on the cotyledons after the first true leaf was collected for DNA extraction, 

approximately 10 days after germination. The details of the inoculation method can be 

found in Chapter 3. Population three was grown in the greenhouse at Oregon State 

University in CorvaUis, Oregon from October 1999 through January 2000. The plants 

were inoculated in December, when fruit was near maturity on those plants that were 

fertile. Inoculum was applied with a high-pressure paint sprayer as described in 

Chapter 2. The late inoculation was done so that virus symptoms would not interfere 

with assessment of other traits, particularly fruit color traits. Population four was 

started in the greenhouse at Oregon State University in April 2001, and transplanted to 

the field in CorvaUis in late May. The plants were inoculated in the field on June 19, 

when they were just beginning to set fruit. The inoculation techniques were the same 

as for population three. However, in this case the late inoculation was unintended, 

resulting from a problem with the inoculum supply, which became apparent after the 

seeds were planted. 

Populations one and two were inoculated with the Florida strain of ZYMV, which 

was obtained from Sunseeds. Populations three and four were inoculated with a strain 

obtained from Joy Jaeger at the North Central Experiment Station in Hermiston, 

Oregon. The exact strain is not known. Both the Sunseeds isolate and the Hermiston 

isolate give strong symptoms on susceptible C. pepo. However, the Hermiston isolate 

gives symptoms that are more pronounced on C. maxima, and is more reliably detected 

using ELISA. 
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Scoring 

Populations one was scored twice for symptoms, 10 and 21 days after inoculation. 

The first planting of population two was scored approximately every ten days from 21 

through 61 days after inoculation. The second planting was scored 11 and 28 days 

after inoculation. Population one and the first planting of population two were scored 

as either resistant or susceptible. The second planting of population 3 was rated on a 

five-point scale, with 1 being symptoms as severe as the susceptible check, 3 being 

symptoms similar to the resistant check, and 5 being symptom-free. DGNZ 1348 was 

used as the susceptible check for population one and 'Nigerian Local' was used as the 

resistant check. For population two, 'Dividend' was the resistant check, and DGNZ 

1348 was used as the susceptible check. Neither population was tested with ELISA. 

Population three was scored once for visual symptoms, 28 days after inoculation. Only 

76 of the 162 plants could be scored for visual symptoms. At the same time, samples 

were collected from all surviving plants (133 out of 162) for ELISA testing. Testing 

was performed under the direction of Ken Eastwell by Carol McKinney at the 

Washinton State University ELISA Lab in Prosser, Washington using a general 

potyvirus polyclonal antibody. Population four was scored for visual symptoms 14, 21 

and 28 days after inoculation. Samples were collected for ELISA testing at 28 days 

after inoculation from all plants that were not fully symptomatic. Based on the results 

from population three, it was assumed that all fully symptomatic plants would also be 

ELISA positive. 

Results and Discussion 

Population One 

Segregation in population one was expected to fit a 1:1 resistant: susceptible 

ratio. The results fit the expected ratio at the first screening ten days after inoculation 
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(Table A-l) but many of the resistant plants later developed symptoms. Symptoms 

ranged from very mild to almost as severe as the susceptible plants. Those plants that 

showed delayed symptom expression were considered to be tolerant. The final results 

were 17 resistant, 54 tolerant and 58 susceptible, out of a total of 129 plants. The same 

pattern of delayed symptom development was seen in all plantings. 

The presence of three phenotypes suggests that more than one gene is required 

for suppression of symptoms for more than ten days under these conditions. It is 

assumed that the gene Zym identified in C. moschata is responsible for the suppression 

of symptoms at ten days after inoculation. If only one additional gene is required for 

continued symptom suppression, then the ratio at 21 days after inoculation would be 1 

asymptomatic : 3 symptomatic. If two additional genes are required, then the expected 

ratio would be 1 asymptomatic : 7 symptomatic. These ratios are tested in Table A-l, 

as is the 3 asymptomatic : 5 symptomatic ratio for symptom suppression at ten days 

after inoculation with three genes involved. The 3:5 ratio assumes that Zym plus one 

additional dominant allele is required for initial suppression of symptoms. 

From Table A-l, it is clear that the model which best fits the data for population 

one is a three gene model, in which Zym is epistatic over the other two genes. A 

dominant allele at Zym alone is sufficient for symptom suppression at ten days past 

inoculation, but dominant alleles are required at all three lod for symptom suppression 

at 21 days after inoculation. The plants in the tolerant class varied in the severity of 

symptoms which developed, suggesting that the effect of the additional dominant 

alleles is additive. However, the variation was continuous, so could not be traced to 

specific genotypes. It should be remembered that this population was screened under 

somewhat cool, cloudy conditions, which result in milder symptoms than under 

warmer conditions. 
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Table A-1. Segregation of the cross C.pepo DGNZ 1386 x (DGNZ 1386 x C. moschata 
TSfigerian Local') for symptoms of Zucchini yellow mosaic virus at 10 and 21 days 
after inoculation. 

Days after Number of Plants  Expected     Chi- 
Inoculation Asymptomatic       Symptomatic    Total Ratio square      Probability 
10 71 58 129 

21 17 112 129 

1:1 1.31 0.25 
3:5 16.93 <0.001 
1:1 69.96 <0.001 
1:3 9.61 0.002 
1:7 0.05 0.82 

Population Two 

Because TDividend' is a commercial F, variety, its exact pedigree is proprietary 

information, and we did not know whether both parental inbreds were resistant, or 

one was susceptible. Under the single gene model, population two was expected to 

either be entirely asymptomatic, if Dividend' was homozygous for Zym (both parents 

resistant), or to segregate 3 asymptomatic: 1 symptomatic if TDividend' was 

heterozygous (one parent resistant) (Table A-2). It completely failed to fit the expected 

results. The first planting contained 91 plants; 21 days after inoculation 29 were 

asymptomatic, 30 had mild symptoms, and 12 had strong symptoms (Table A-3). 

Another 20 were asymptomatic but may have been escapes as they were physically 

grouped in the flat; they were re-inoculated. Seven of the re-inoculated plants 

developed symptoms; the others remained symptomless ten days after re-inoculation. 

Four plants of TDividend' were included as resistant checks; one had mild symptoms 

and three were asymptomatic. Individuals with mild symptoms were not as 

symptomatic as the very susceptible zucchini (DGNZ 1348) used as a susceptible 

check. By seven weeks after inoculation, 16 plants remained asymptomatic, 70 were 

symptomatic, and three had died (Table A-3). 
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Table A-2. The possible genotypes for TDividend' under single gene and three gene 
models, and the most likely ratios for each genotype and model. 2/ym is the ZYMV 
resistance gene identified in C. moschata; A and B are hypothetical secondary resistance 
genes which can be detected in a C pepo background. The statistical tests for the ratios 
are in table A-3. 

Expected F2 Ratios 
■Drndend' No. of Genes Does the 
Genotype Segregating 21-28 days 51 days data fit? 
ZymZym 1 all resistant all resistant no 
Zym ^ym 1 3:1 1:3 no 
Zym vym Aa Bb 3 27:37z 9:55? yes 

26:38* ll:53w yes 
Zym Zym AA Bb 1 1:3 1:3 no 
Zym Zym Aa Bb 2 7:9 3:13 yes 
z The 27:37 ratio assumes that a minimum of one dominant allele is required at each locus for 

the resistant phenotype to be expressed. 

y The 9:55 ratio assumes that only plants which were resistant at 21 days and are homozygous 
dominant for Zym remain resistant. 

11 The 26:38 ratio assumes that a total of at least four dominant alleles is required for the 
resistant phenotype to be expressed. 

w The 3:13 ratio assumes that the expression of the resistant phenotype at 51 days after 
inoculation requires that Zym and A be homozygous dominant, with at least one 
dominant allele at B. The actions of A and B are not equal in this model. 

The extent of segregation in the F2 strongly suggests that 'Dividend' is not 

homozygous dominant for resistance. The 3:1 ratio expected if'Dividend' were 

heterozygous at Zym also fails to explain the results (Table A-3). The results from 

population one indicate that a three-gene model may be most appropriate. In this case, 

if one parent were susceptible, 'Dividend' should be heterozygous at all three loci. If 

both parents were resistant, then one or both parents carried recessive alleles at one of 

the secondary loci. (Table A-2). This scenario would mean that only two lod were 

necessary for resistance, as long as both were homozygous dominant. 
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Table A-3. Segregation of symptoms of Zucchini yellow mosaic virus in the first 
planting of an F2 population derived from the tolerant zucchini hybrid 'Dividend'. 

Days after      Number of Plants  Expected     Chi- 
Inoculation     Asymptomatic      Symptomatic      Total     Ratio square     Probability 
21 29 42 71 

31 42 48 90 

41 30 56 86 

51 16 70 86 

27:37 0.05 0.82 
26:38 0.002 0.96 
7:9 0.25 0.61 
27:37 0.72 0.40 
26:38 0.31 0.58 
7:9 1.32 0.25 
27:37 1.89 0.17 
26:38 1.16 0.28 
7:9 2.73 0.10 
27:37 19.64 <0.001 
9:55 1.46 0.23 
11:53 0.12 0.73 
7:9 21.7 <0.001 
5:11 6.43 0.01 
1:15 22.2 <0.001 
3:13 0.001 0.97 

If TDividend' is heterozygous at all three loci, there are 36 possible genotypes in 

the F2, and 64 cells in the Punnett's square. Ten genotypes (16 cells) are homozygous 

recessive at Zym. These are almost certainly susceptible. Seven genotypes (14 cells) are 

heterozygous at Zym, but homozygous recessive at one or both of the additional loci. 

Another five genotypes (7 cells) are homozygous dominant at Zym but homozygous 

recessive at one or both of the additional loci. The remaining 14 genotypes (27 cells) 

have at least one dominant allele at each of the three loci (Table A-2). If a dominant 

allele at Zym alone were sufficient to block symptom expression at 21 days after 

inoculation, then the results should fit a ratio of 3 asymptomatic: 1 symptomatic. The 

3:1 ratio does not fit. If a dominant allele at Zym and one other locus were sufficient, 

the ratio would be 46 asymptomatic : 18 symptomatic. This also does not fit. Two 

models do fit the data. One possibility is that one dominant allele at each locus 

suppresses symptoms at 21 days after inoculation. This would result in a ratio of 27 

asymptomatic: 37 symptomatic. These results would agree with those for population 

one. It would also mean that TDividend' should be completely asymptomatic at 21 

days. However, some TDividend' plants showed mild virus symptoms. The other 
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possibility is that four dominant alleles are needed to suppress symptoms. At least one 

dominant allele must be at Tym. The ratio for this model is 26 asymptomatic : 38 

symptomatic. Under this model, TDividend' would be expected to show symptoms, 

making it the more likely model. However, the population is not large enough to 

distinguish between the two models. Both ratios fit for 21, 31 and 41 days after 

inoculation, but fail to fit at 51 days after inoculation (Table A-2). 

At 51 days, the data fit ratios of 9 asymptomatic : 55 symptomatic, and 11 

asymptomatic : 53 symptomatic. The 9:55 ratio is a continuation of the 27:37 ratio, 

and would be expected if only plants that were homozygous dominant at Zym 

remained asymptomatic. The 11:53 ratio is a continuation of the 26:38 ratio, and 

would be expected if either Zym or both secondary loci needed to be homozygous 

dominant, and all three loci must have a dominant allele. Again, the population is too 

small to distinguish between the models. The loss of the asymptomatic phenotype 

over time agrees with the description of Dividend' as tolerant rather than resistant. 

If both parental inbreds were resistant, then TDividend' is either homozygous 

dominant at Zym and one additional locus, and heterozygous at the third, or 

heterozygous at both secondary loci. In either case, only two loci are needed for 

symptom suppression. In the first case, the data should fit a ratio of 1 asymptomatic : 

3 symptomatic at 21 days after inoculation (TDividend' was symptomatic). The data do 

not fit the 1:3 ratio, suggesting that both secondary loci are heterozygous. 

The Fj would then consist of 10 genotypes, with 16 cells in the Punnett's square. 

Five genotypes (7 cells) are homozygous recessive at one or both additional loci. These 

are expected to be symptomatic. Four others are heterozygous at both secondary loci, 

like 'Dividend'; these too should be symptomatic. If all other genotypes are 

asymptomatic, the data should fit a ratio of 7 asymptomatic: 9 symptomatic, which 

they do. This suggests that under these conditions both Zym and one secondary locus 

must be homozygous dominant to suppress symptoms. 

Again, the data do not fit at 51 days after inoculation. The data also fail to fit a 

5:11 ratio expected if a dominant allele was required at the third locus, and the ratio of 

1:15 expected if all three loci must be homozygous dominant. They do fit a ratio of 3 
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asymptomatic : 13 symptomatic (Table A-3), which can be explained if the two 

additional loci are not equal in their effect. 

The second planting of population two contained 73 F2 plants, plus the F, parent 

as a resistant check and DGNZ 1348 as a susceptible check. Ten days after 

inoculating, the susceptible check exhibited pronounced mosaic, stunting, and 

distortion of younger leaves, and the resistant check had developed mosaic. Only five 

F2 plants were free of symptoms (class five), but another 14 had fewer symptoms than 

the resistant check (class four) (Figure A-l). The resistant check and many plants of 

the segregating population appeared to recover after being moved to the greenhouse. 

By 28 days after inoculation 21 plants had fewer symptoms than the resistant check 

(classes four and five), 16 were as symptomatic as the resistant check (class three), and 

33 were more symptomatic than the resistant check (classes 1 and 2) (Figure A-l). 

2 3 4 
Symptom Rating 

i# of plants - 1st reading B# of plants - 2nd reading 

Figure A-l. Zucchini yellow mosaic virus symptoms in the second planting of the 
Dividend' Fj population (population 3). The scale used was 1 susceptible, 3 tolerant 
(equivalent to 'Dividend') and 5 resistant (symptom-free). The two reading dates were 
11 days and 27 days after inoculation. The susceptible checks received a score of 1, 
and the resistant checks received a score of 3. 
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The data for planting two do not fit any of the 21-day ratios from planting one at 

either 10 or 28 days after inoculation. However, the symptoms on 'Dividend' were 

stronger in the second planting, suggesting either that the inoculum was stronger, or 

that conditions were more favorable for symptom development. If those plants which 

were less symptomatic than TDividend' are considered resistant, then the data fit a ratio 

of 1 resistant: 3 susceptible on both scoring dates (Table A-4). If ^Dividend' is fully 

heterozygous, this ratio could be explained by requiring Zgm to be homozygous 

dominant, in addition to a dominant allele at one of the other loci. The data also fit a 

ratio of 5:11 (Table A-4), which would be expected if 'Dividend' is homozygous at 

Tym but heterozygous at the other two loci, and resistance requires Zym and one other 

locus to be homozygous dominant plus a dominant allele at the third locus. 

Table A-4. Segregation of symptoms of Zucchini yellow mosaic virus in the second 
planting of an F2 population derived from the tolerant zucchini hybrid TDividend'. 

Days after Number of Plants Expecte Chi- 
Inoculation Resistant2 Susceptible Total d Ratio square Probability 
10 19 54 73 1:3 

5:11 
0.04 
0.92 

0.84 
0.34 

28 21 52 73 1:3 
5:11 

0.55 
0.21 

0.46 
0.65 

2 Plants with fewer symptoms than TDividend' were considered resistant; those with as 
many or more symptoms were considered susceptible 

It is not clear from the data for population two whether TDividend' is 

homozygous dominant or heterozygous at Zym. The two plantings could not be 

directly compared, as they were evaluated at different intervals following inoculation, 

and using different scales. However, it seems certain that TDividend' is heterozygous at 

the secondary resistance loci. It also appears likely that the resistance genes are largely 

additive, with heterozygotes giving less resistance than homozygotes for the dominant 

allele. The results from planting two do support the observation from population one 

that individuals vary in their degree of susceptibility. They also suggest that resistance 
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is more quantitative than qualitative, and that symptom severity can decrease over time 

in some genotypes. 

Population Three 

Population three was expected to fit a 1:1 ratio for symptoms, and the ELISA test 

was expected to confirm the symptom data. Twenty-eight days after inoculation, 40 

plants were symptomatic, and 35 were asymptomatic. The data fit the expected ratio. 

However, the ELISA data does not fit the 1:1 ratio. Instead, there is a shortage of 

ELISA negative plants, and the data fit a 1:7 ratio (Table A-5). Most of the samples 

were strongly positive, with ELISA scores above 0.9. Those with scores below 0.3 did 

not differ significandy from the background, and were considered negative (Figure A- 

2). Four individuals were weak positives; these were discarded when the data was 

analyzed for mapping in Chapter 2. 

Table A-5. The inheritance of ZYMV symptoms and ELISA scores for the BC, of the 
cross Cucurbitapepo A0449 x (A0449 x C. moschata TMigerian Local'). 

Number of Plants 

Trait 
Phenotype 

A 
Phenotype Expected 

Ratio Chi-square Prob. 
ZYMV symptoms 
symptoms vs. none 
ZYMV ELISA 
positive vs. negative 

35 

22 

41 

102 

1:1 
3:5 
1:1 
1:7 

0.47 
2.70 

51.61 
2.57 

0.49 
0.10 
<.001 
0.11 

For visual symptoms, phenotype A = symptoms absent and phenotype B = 
symptoms present. For ELISA data, phenotype A = ELISA negative and 
phenotype B = ELISA positive. 
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Figure A-2. Distribution of ELISA O.D. values for progeny of the cross Cucurbitapepo 
A0449 x (A0449 x C. moschata TSFigerian Local') 28 days following inoculation with 
zucchini yellow mosaic virus. Values below 0.3 are considered negative, those above 
0.9 are considered strongly positive, and those between 0.3 and 0.9 are considered to 
be weakly positive. 

When the visual data and the ELISA scores are combined, it becomes clear that 

many of the plants are ELISA positive but have no visual symptoms. All of the plants 

that had visible symptoms were ELISA positive. When only the plants for which both 

visual and ELISA data were available were considered, the segregation was 12 

symptom-free and ELISA negative : 23 symptom-free and ELISA positive : 40 

symptomatic. The data fit the 1:3:4 ratio expected if a dominant allele at each of the 

three loci is required to suppress virus replication and give an ELISA negative 

phenotype (Table A-6). Visual symptoms are suppressed by the dominant allele at 

Zym, as was the case for population one ten days after inoculation. However, the 

positive ELISA scores for the 23 plants suggest that they would have soon developed 

symptoms had they not been discarded. The plants in population three were 

inoculated as mature plants under cool conditions, so the slow development of 

symptoms compared to populations one and two is not surprising. The data from 
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population three also fit 3:5 and 1:2:5 ratios, which would be expected if dominant 

alleles at Zym and one other locus were needed to suppress symptoms (Table A-6). 

This is the model which best explains the segregation in the first planting of 

population two. 

Table A-6. Segregation of zucchini yellow mosaic virus symptoms and ELISA score 
combined for progeny of the cross Cucurbitapepo A0449 x (A0449 x C. moschata 
TSFigerian Local') 28 days following inoculation. 

Number of Plants 
Asymptomatic    Asymptomatic    Symptomatic 

& ELISA & ELISA & ELISA Expected      Chi- 
Negative Positive Positive Total        Ratio square     Probability 

12 23 40 75 1:2:5 4.84 0.09 
1:3:4 0.41 0.81 

Population Four 

Population four was the selfed or sibbed progeny of selected plants from 

population three. It could be divided into four sub-populations, based on the 

symptom and ELISA phenotypes of the parents. The first sub-population consisted 

of lines for which both parents were symptomatic and ELISA positive. All plants in 

these lines were expected to be symptomatic; the expectation was met. The second 

sub-population consisted of lines where both parents were asymptomatic and ELISA 

negative. There were eight lines in this sub-population. The variation among the lines 

was not significant, so the results were pooled. Based on the results from population 

three, the parents involved were expected to be heterozygous at all three loci, and the 

segregation for the sub-population would include 36 genotypes and 64 cells on the 

Punnett's square. 

At 14 days after inoculation, 118 plants were asymptomatic and 30 were 

symptomatic, for a total of 148 (Figure A-3). The segregation fits the 3:1 ratio 

expected if Zjm alone suppresses symptoms (Table A-7). One week later, only 60 
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plants were asymptomatic. Of the symptomatic plants, 42 had chlorotic spots on the 

recendy expanded leaves, but no mottling or leaf deformation. These were classed as 

tolerant. The other 46 had typical symptoms of ZYMV, including mosaic, blistering, 

and deformation, and were classed as susceptible (Figure A-3). If the asymptomatic 

and tolerant classes were combined, the data fit a ratio of 45:19, and if they were 

separated, the data fit a ratio of 27:18:19 (Table A-7). These ratios would be expected 

if dominant alleles were required at all three loci to completely suppress symptoms, 

but dominant alleles at Zym alone, or at Zym plus one other locus gave partial 

suppression of symptoms. 

By 28 days after inoculation, the number of asymptomatic plants had dropped to 

41, while 38 were tolerant and 69 susceptible (Figure A-3). The data fit ratios of 34:30 

and 19:15:30 (Table A-7). These ratios would be expected if a minimum of a dominant 

allele at Zym and two other dominant alleles were needed to prevent full symptom 

development, but a dominant allele at each locus plus at least one other dominant 

allele were required for the complete suppression of symptoms. If the tolerant and 

susceptible classes were combined, the data fit the 1:3 ratio of the second planting of 

population two (Table A-7). 

Table A-7. The inheritance of ZYMV symptoms for the progeny of asymptomatic and 
ELISA negative BC, plants of the cross Cucurbitapepo A0449 x (A0449 x C. moschata 
TMigerian Local'). 

Days after Number of Plants Expected   Chi- 
Inoculation Asymptomatic   Tolerant   Susceptible    Total    Ratio square   Probability 

14 118 0 
21 60 42 

28 41 38 

2 The asymptomatic and tolerant categories have been combined. 

y The tolerant and symptomatic categories have been combined. 

30 148 3:1 1.77 0.18 
46 148 45:19* 0.14 0.71 

27:18:19 0.20 0.91 
69 148 34:30* 0.004 0.95 

19:15:30 0.51 0.78 
1:37 0.58 0.75 
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Figure A-3. The segregation of phenotypes into resistant, tolerant and susceptible at 
three dates after inoculation with ZYMV. The population is the progeny of 
asymptomatic and ELISA negative BC, plants of the cross Cucurbitapepo A0449 x 
(A0449 x C. moschata TSTigerian Local'). 

Plants that were asymptomatic or tolerant at 28 days after inoculation were tested 

with ELISA for the presence of ZYMV particles in the young leaves. It was assumed 

based on the ELISA results for population three that all plants in the susceptible class 

would be strongly positive. A few susceptible plants were included among the ELISA 

samples; all were strongly positive. As with the BQ, some plants that had been classed 

as asymptomatic or tolerant had strongly positive ELISA scores. Unlike with the BC,, 

the distribution of the ELISA scores was not bimodal (Figure A-4); there was no clear 

breakpoint between positive and negative. There was also no difference in the range of 

ELISA scores for plants classified as asymptomatic, and those classified as tolerant. 

The paired t-test was used to determine whether scores were significandy lower than 

the score for the susceptible check for each ELISA plate. Forty-eight plants were 
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significandy lower than the susceptible check, which fit the 19:45 ratio expected if all 

plants that were asymptomatic at 28 days after inoculation were also ELISA negative. 

However, approximately one-third of the 48 plants had been phenotypically classified 

as tolerant. 

Figure A-4. The distribution of ELISA score for plants with asymptomatic or tolerant phenotypes 
from the progeny of asymptomatic and ELISA negative BQ plants of the cross 
Cucurbita pepo A0449 x (A0449 x C. moschata TSfigerian Local') 

The ELISA data does not serve to further explain the phenotypic data. One 

possibihty is that the suppression of virus replication is purely additive, with an 

increase in the number of dominant alleles associated with a decrease in virus titer. 

Another possibility is that there are several types of resistance involved, and the 

phenotypic classifications do not adequately reflect the complexity. The other two 

sub-populations consisted of crosses in which both parents were asymptomatic and 

ELISA positive, and crosses in which one parent was asymptomatic and ELISA 

negative while the other was asymptomatic and ELISA positive. These crosses were 

not examined further. No single line had enough plants to adequately test a three-gene 

model. At least three different genotypes could give an asymptomatic but ELISA 
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positive phenotype in the greenhouse, so it was not possible to pool the lines in each 

sub-population. 

Conclusions 

The primary conclusion drawn from this study of the inheritance of resistance to 

ZYMV derived from C. moschata TSIigerian Local' is that it is very complex. The single 

gene model clearly does not fit the inheritance of the resistance when it is transferred 

into C. pepo. A three-gene model explains the phenotypic variation in most cases. From 

the four populations studied here, it appears that Tym alone is sufficient to delay 

symptom expression for a short time, particularly under cool conditions. While Zym is 

epistatic over the proposed secondary loci, the overall gene action appears to be 

additive, with the effect of each additional dominant allele being to further delay the 

onset of symptoms and reduce the severity of symptoms. It appears likely that 

complete homozygosity of the dominant alleles at all three loci is necessary to confer 

season-long symptom suppression, such as is desirable for field-grown winter squash 

and pumpkins. 

Paris and Cohen (2000) found that a similar three-gene model explained the 

inheritance of resistance from C. moschata TMenina'. The resistant phenotype from 

TMenina' is very mild symptoms with recovery, rather than the absence of symptoms. 

When the resistance genes were fixed in a C pepo line, the resistant phenotype was 

expressed as the delayed onset of symptoms, rather than immunity (Paris and Cohen, 

2000) 

There appears to be some independence between symptom expression and virus 

replication, such that plants can be asymptomatic and ELISA positive, especially in the 

first few months after inoculation. However, ELISA positive plants eventually develop 

symptoms. Thus, ELISA would seem to be a useful early-selection tool for use in 

breeding. However, ELISA results do not always support the phenotypic results in 

that plants with mild symptoms may be ELISA negative, presumably because the virus 

has not spread to the tissue sampled. In addition, there appear to be multiple tolerant 
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phenotypes, where plants develop some symptoms, but not the typical symptoms of 

mosaic, leaf distortion, and stunting seen on fully susceptible C. pepo. These may be 

related to different types of resistance. 

The inheritance of resistance from Tvfigerian Local' should be pursued further. 

However, several changes are necessary. Firsdy, the resistance level is clearly affected 

by environment, particularly temperature. Thus, every effort should be made to grow 

all plants under identical conditions. Secondly, resistance appears to break down over 

time in many cases, so plants should be repeatedly scored at regular intervals 

throughout the time from inoculation to fruit maturity. Thirdly, resistance phenotype 

is complex, and scoring plants simply for the presence or absence of symptoms is not 

adequate. A better scoring system needs to be developed, which reflects both the 

resistance phenotype and the severity of symptoms. This would also permit resistance 

to be analyzed as a quantitative trait, which will probably be the key to mapping the 

resistance loci and fully understanding the genetics of ZYMV resistance. 
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