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This work describes genomics research and applied breeding in pepper and 

squash towards improvement in fruit quality and disease resistance.  A major factor in 

pepper fruit quality is the presence or absence of pungency, caused by the presence of 

capsaicinoid molecules and controlled by the major gene Pun1.  Three mutant alleles 

of Pun1 have been identified that cause the production of little to no capsaicinoids.  A 

suite of PCR-based molecular markers are presented that differentiate the four Pun1 

alleles, which will be useful for pepper breeding, seed purity testing, and 

characterization of new germplasm.  Disease resistance is also important for pepper 

production, and Phytophthora capsici is an oomycete pathogen that can cause total 

yield loss in pepper.  Nine bell pepper inbred lines were developed that are resistant to 

P. capsici.  They have yields comparable to commercial cultivars, but have smaller 

fruit.  They provide a high level of resistance to F1 progeny and are therefore suitable 

for use as both inbred lines and hybrid parents.  To study fruit quality in winter 

squash, an acorn squash fruit and seed transcriptome was sequenced from the cultivar 

Sweet REBA at five developmental stages.  A total of 55,949 unigenes were 

assembled, and 85% of the unigenes with predicted open reading frames had 

homology with previously identified genes.  Building on this transcriptome, 



 

comparative fruit and seed transcriptome sequencing was conducted to compare 

‘Sweet REBA’ with the oilseed pumpkin ‘Lady Godiva’, developed for seed 

consumption.  Pathways for carotenoid, starch, and sucrose biosynthesis in winter 

squash fruit were assembled from the literature and homologs were identified for all of 

the structural genes involved.  Differential gene expression between the two cultivars 

was consistent with their observed phenotypes for these three metabolites of interest, 

indicating that transcriptional regulation of metabolic genes is an important 

determinant of winter squash fruit quality.  Overall, this research supports vegetable 

breeding through molecular marker development, the evaluation of improved disease-

resistant lines, and the investigation of the genetic basis of traits of interest. 
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CHAPTER 1 

 

INTRODUCTION AND LITERATURE REVIEW 

 

Vegetables are an important part of a balanced diet, providing a low-calorie 

source of nutrients and dietary fiber.  To support vegetable production and 

consumption in the United States through plant breeding and genetics, several areas of 

focus can be considered.  First, advancing genetic and genomic knowledge about 

vegetable crops supports breeding activities through the identification of genes of 

interest, the development of molecular markers, and a deeper understanding of the 

genetic architecture of traits targeted for improvement.  Many improvements can also 

be made through applied breeding activities; one important target is the development 

of disease-resistant cultivars that can benefit growers through increased yield and 

reduced pesticide use.  Another area of focus for increasing vegetable consumption is 

the development of high-quality, unique, nutritious vegetable varieties that appeal to 

consumers through their taste and appearance.  This dissertation describes genomics 

research and applied breeding targeting fruit quality and disease resistance in pepper 

and squash to support both vegetable production and consumption. 

 

Pepper 

Peppers (Capsicum spp.) are cultivated as a vegetable crop, as a spice, and for 

the industrial production of capsaicin (Crosby, 2008).  They are distinctive because of 

their production of capsaicin, a molecule that causes the burning sensation of hot 

peppers.  In addition to capsaicin, peppers also contain carotenoids, flavonoids, and 

ascorbic acid, making them a highly nutritious food (Crosby, 2008).  They are native 
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to the New World tropics, with centers of diversity of the cultivated species ranging 

from Mexico to Peru, and were domesticated over many years in the Pre-Columbian 

era (Crosby, 2008). There are five major cultivated pepper species:  C. annuum, C. 

chinense, C. frutescens, C. baccatum, and C. pubescens.   

Pepper Genomic Resources 

 Capsicum species have a large genome with a continually growing amount of 

genetic resources. The pepper genome is diploid and has 12 chromosomes, with 

genome size estimates ranging from 2700-3480 Mbp per haploid genome 

(Arumuganathan and Earle, 1991; Kim et al., 2014).  Many molecular marker sets and 

linkage maps have been created for pepper (Lefebvre et al., 2002; Prince et al., 1993).  

One notable map, the COSII map (Wu et al., 2009), used markers orthologous 

between the pepper and tomato genomes, allowing the exploration of the degree of 

synteny between pepper and tomato. More recent maps have incorporated simple 

sequence repeat (SSR) and single nucleotide polymorphism (SNP) markers generated 

from high-throughput sequencing data (Lu et al., 2012; Yarnes et al., 2013).  In 

addition, a Pepper Affymetrix GeneChip microarray was created that can detect 

33,401 SNPs across species and 6,426 SNPs within C. annuum (Hill et al., 2013).   

 Transcriptome sequencing in C. annuum has recently added a great deal of 

genomic knowledge.  It has been used to identify approximately 25,000 unigenes 

expressed in pepper (Lu et al., 2011) and to design molecular markers that 

differentiate several popular commercial peppers from ‘Criollo de Morelos 334’, a 

landrace that is the source of several disease resistances (Ashrafi et al., 2012).  The C. 

frutescens transcriptome was also sequenced in order to study capsaicinoid 
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biosynthesis (Liu et al., 2013b).  Other pepper transcriptome studies have investigated 

stress response signaling (Lee and Choi, 2013), cytoplasmic male sterility (Liu et al., 

2013a), and fruit development (Martinez-Lopez et al., 2014). 

 Recently, the pepper genome was sequenced by Kim et al. (Kim et al., 2014).  

They sequenced the ‘Criollo de Morelos 334’ genome at 186x coverage and 

assembled 3.06 Gb of the estimated 3.48 Gb genome.  They then mapped the 37,989 

scaffolds onto a genetic map and resequenced two additional C. annuum varieties and 

a C. chinense accession, PI159236.  Approximately 11 million SNPs were identified 

between the C. annuum lines and 56 million SNPs between the two species.  Over 

75% of the pepper genome was found to consist of transposable elements and 34,903 

protein-coding genes were predicted. 

 Pepper is a member of the Solanaceae family, which also includes tomato 

(Solanum lycopersicum), potato (Solanum tuberosum), eggplant (Solanum 

melongena), and tobacco (Nicotiana benthamiana).  Of these species, tomato has the 

most genetic resources, including a sequenced genome (Sato et al., 2012) and 

sequenced transcriptomes (Gupta et al., 2013; Hamilton et al., 2012; Lee et al., 2012).  

Pepper and tomato have a high degree of synteny (Livingstone et al., 1999; Wu et al., 

2009), which has made tomato a valuable resource for identifying pepper candidate 

genes. 

Pungency 

Pungency, caused by the biosynthesis of capsaicinoid compounds, is unique to 

the genus Capsicum.  Peppers are valued as a spice due to their capsacinoid production 

and are also grown for the industrial production of capsaicinoids.  The primary 
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capsaicinoids are capsaicin, dihydrocapsaicin, and nordihydrocapsaicin (Bennett and 

Kirby, 1968).  Capsaicinoids cause their burning sensation by activating the TRPV1 

(VR1) receptor (Caterina et al., 1997), which also responds to high heat, and therefore 

activating sensory neurons that send thermal pain signals to the brain.  They are 

produced in blister-like structures in the placenta tissue of the fruit (Zamski et al., 

1987) through the condensation of vanillylamine, derived from the phenylpropanoid 

pathway, and a branched chain fatty acid (Bennett and Kirby, 1968; Leete and 

Louden, 1968).   

Several major genes that affect capsaicinoid production cause a wide variation 

in the capsaicinoid content found in pepper.  The gene Pun1 encodes a putative 

acyltransferase and is required for production of capsaicinoids (Stewart et al., 2005).  

Recessive mutant alleles of Pun1 have been identified in C. annuum, C. chinense, and 

C. frutescens (Stellari et al., 2010; Stewart et al., 2007; Stewart et al., 2005).  Plants 

possessing these mutant alleles do not produce capsaicinoids and consequently have 

non-pungent fruit. The Pun1 allele in C. annuum, pun1
1
, is the source of the non-

pungent characteristic of most cultivated sweet peppers (Stewart et al., 2005).  

Another gene, Pun2, was identified in C. chacoense. When Pun2 is mutant, there is a 

large reduction in capsaicinoid production (Stellari et al., 2010).  Finally, mutations in 

the putative aminotransferase gene (pAMT) cause the production of non-pungent 

capsinoids instead of pungent capsaicinoids (Kobata et al., 1998; Kobata et al., 1999; 

Lang et al., 2009; Tanaka et al., 2010).   

In addition, multiple loci have been identified that affect the pungency of 

peppers by quantitatively influencing the amount of capsaicinoids produced.  The low-
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pungency gene cf was identified in C. frutescens and reduces the level of capsaicinoids 

produced (Saritnum et al., 2008).  Several studies have also mapped quantitative trait 

loci (QTLs) that affect the amount of capsaicinoid production.  The first study 

identified a major QTL, cap, which explained 34-38% of the variation in capsaicinoid 

content in a cross between C. annuum and C. frutescens (Blum et al., 2003).  A second 

study identified 6 QTLs that influence capsaicinoid content (Ben-Chaim et al., 2006).  

More recently, a study utilizing the Pepper GeneChip identified 12 QTL for 

capsaicinoid traits in a C. annuum x C. frutescens population (Yarnes et al., 2013).  

This quantitative variation in pungency is further influenced by environmental factors 

(Zewdie and Bosland, 2000).  For example, environmental stresses to pepper plants, 

such as water stress, cause an increase in the pungency of their fruits (Estrada et al., 

1999; Harvell and Bosland, 1997; Ruiz-Lau et al., 2011).   

Phytophthora capsici 

Phytophthora capsici Leonian is an important disease of peppers that was first 

discovered on chilies in New Mexico in 1918 (Leonian, 1922).  P. capsici is an 

oomycete that can infect a wide range of vegetable crops, including squash (Crossan et 

al., 1953), tomato, eggplant, watermelon, and peppers (Polach and Webster, 1972). On 

peppers, P. capsici causes several distinct disease syndromes:  foliar blight, root rot, 

stem blight, and fruit rot (Sy et al., 2005; Walker and Bosland, 1999).  P. capsici can 

cause severe losses in many pepper-producing areas around the United States and the 

world (Bosland and Lindsey, 1991; Garcia-Rodriguez et al., 2010; Hwang and Kim, 

1995; Oelke et al., 2003).   
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 P. capsici is a heterothallic oomycete with A1 and A2 mating types (Smith et 

al., 1967).  P. capsici reproduces sexually by forming oospores, which are capable of 

overwintering, and is a polycyclic pathogen that can complete multiple infection 

cycles in one growing season, reproducing asexually through the formation of 

sporangia (Ristaino, 1991).  P. capsici sporangia, unlike those of some other 

Phytophthora species, are dispersed by water (Granke et al., 2009; Hausbeck and 

Lamour, 2004; Ristaino and Johnston, 1999; Schlub, 1983).  Because zoospores are 

released with and move in water, soil moisture, rainfall, and irrigation have a 

significant impact on disease development (Bowers and Mitchell, 1990; Cafe and 

Duniway, 1995; Ristaino, 1991).   

P. capsici is a diverse pathogen with multiple races of differential infectivity.  

Several studies have attempted to divide isolates into different races based on 

pathogenicity on a variety of different peppers (Glosier et al., 2008; Oelke et al., 2003; 

Sy et al., 2008).  It is apparent from these studies that there is not yet one accepted 

designation of races for P. capsici.  Additionally, it is likely that more races will be 

detected with further study, as isolates from only a fraction of P. capsici’s range have 

been categorized thus far.   

 Control strategies for P. capsici include modifying cultural practices, fungicide 

use, and the utilization of resistant pepper varieties.  Cultural practices that can reduce 

disease consist of sanitation procedures to keep P. capsici from initially infesting a 

field (Hausbeck and Lamour, 2004), crop rotation (Ristaino and Johnston, 1999), and 

water management (Cafe and Duniway, 1995; Ristaino, 1991; Ristaino and Johnston, 

1999).  Mefenoxam is a widely used fungicide for P. capsici control (Ristaino and 
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Johnston, 1999), but due to the increasing use of a limited range of fungicides, 

mefenoxam-insensitive P. capsici isolates have been widely reported (Lamour and 

Hausbeck, 2001).  Perhaps the most grower- and environmentally-friendly control 

strategy is the use of pepper varieties that are resistant to P. capsici, combined with 

cultural control.  Unfortunately, there has been significant difficulty with breeding 

peppers resistant to P. capsici and there are currently no peppers available with the full 

complement of resistance to the four disease syndromes as well as the desired 

horticultural type (Oelke et al., 2003; Ristaino and Johnston, 1999; Thabuis et al., 

2004b).   

 A variety of resistance sources for P. capsici have been identified in pepper.  

Two sources for root rot resistance, PI 201234 and PI 201232, were identified in 1960 

(Kimble and Grogan, 1960) and still provide good resistance and continue to be 

studied (Ogundiwin et al., 2005; Ortega et al., 1992; Palloix et al., 1990).  Recently, a 

large-scale screen of the USDA Capsicum annuum germplasm collection was 

conducted, measuring root rot resistance (Candole et al., 2010).  Fourteen accessions 

were identified that displayed resistance in the initial greenhouse screen as well as in 

replicated testing and of these, two accessions, PI 201237 and PI 640532, had the best 

resistance and are potential resistance sources for future breeding (Candole et al., 

2010).  A Korean screen identified four additional accessions that can be used in 

breeding for resistance (Mo et al., 2014).  The best resistance source thus far is a land 

race from Mexico, Criollo de Morelos 334 (CdM334) (Guerrero-Moreno and Laborde, 

1980), which has consistently displayed resistance to root rot (Bosland and Lindsey, 

1991), foliar blight (Alcantara and Bosland, 1994), stem blight (Sy et al., 2005), and 
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fruit rot (Egea-Gilabert et al., 2008) and is resistant to a wide range of P. capsici 

isolates (Oelke et al., 2003).  CdM334 therefore has the most potential for use in 

breeding as a P. capsici resistance source.   

 There has been extensive research on the genetics of resistance to P. capsici in 

pepper.  Early studies had varying results, likely confounded by the use of different P. 

capsici isolates, different resistance sources, and different screening methods.  

Resistance to root rot has been suggested to be controlled by one or two dominant 

genes (Smith et al., 1967), three dominant genes (Ortega et al., 1991), or two genes 

with epistasis (Reifschneider et al., 1992).  Foliar blight resistance has been attributed 

to a single dominant or incompletely dominant gene, possibly with modifiers 

(Barksdale et al., 1984).  Fruit rot resistance was predicted to correspond to a single 

dominant gene (Saini and Sharma, 1978).  Epistasis was also predicted to be a 

contributing genetic factor for resistance (Bartual et al., 1991). 

 Recently, work has been done to differentiate the genetics of resistance to the 

different disease syndromes caused by P. capsici.  Resistances to root rot and foliar 

blight were controlled by independent dominant genes in a cross between ‘Early 

Jalapeño’ and CdM334 (Walker and Bosland, 1999).  Another independent dominant 

gene controlled stem blight resistance in the same cross (Sy et al., 2005).  However, 

only one P. capsici isolate was used in these experiments.  Thus, the results are 

specific to this isolate and do not identify all potential resistance genes.  From this 

data, it is clear that each disease syndrome must be considered when breeding for 

resistance, as genes that provide resistance to one syndrome may not also provide 

resistance to the others.  It also suggests that there are gene-for-gene interactions 
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providing resistance to P. capsici (Sy et al., 2005).  Another study identified additional 

gene-for-gene resistance interactions; a set of RILs from a cross between ‘Early 

Jalapeño’ and CdM334 enabled the detection of five dominant, non-allelic R genes 

that provide resistance to one P. capsici race per R gene (Monroy-Barbosa and 

Bosland, 2008). 

 Although there are these major resistance genes that have specific interactions 

with different races of P. capsici, there are also quantitative resistance genes.  Several 

studies have mapped QTL for P. capsici resistance.  An early QTL study, using 

‘Perennial’ as the resistance source, identified two major and 11 minor QTL providing 

root rot and stem blight resistance (Lefebvre and Palloix, 1996).  Another study 

utilizing three resistance sources (‘Vania’, derived from PI 201234, ‘Perennial’, and 

CdM334) identified between five and nine QTL per population, most of which were 

population-specific (Thabuis et al., 2003).  One QTL was common to ‘Vania’ and 

‘Perennial.  Another QTL, Phyto.5.2, which provided the strongest effect, was 

common to all three resistance sources (Thabuis et al., 2003).  Sixteen QTL were 

identified for root rot and foliar blight resistance in a population using PI 201234 as 

the resistance source (Ogundiwin et al., 2005).  In the same study, five QTL were 

identified from CdM334 that provide root rot resistance.  Most of the identified QTL 

only provided resistance to some of the P. capsici isolates used for resistance testing.  

One major QTL on chromosome five was present in both populations and 

corresponded to Phyto.5.2 (Ogundiwin et al., 2005).  A bulk segregant analysis 

comparing resistant and susceptible pepper lines identified one RAPD marker linked 

to resistance.  This marker was also found to correspond to Phyto.5.2 (Quirin et al., 
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2005).  Another study using PI 201234 as the resistance source found one major and 

two minor QTL (Sugita et al., 2006).  The major QTL found in the study corresponded 

to Phyto.5.2 (Sugita et al., 2006).  Further confirmation for the importance of 

Phyto.5.2 came from two additional studies, both using CdM334 as the resistance 

source, which each identified a QTL on chromosome five (Kim et al., 2008; 

Minamiyama et al., 2007).  Another group studied this locus in more detail and found 

a cluster of three QTL on chromosome five, which contributed to resistance in all four 

of the resistant parents tested (Mallard et al., 2013).  Liu et al. used bulked segregant 

analysis to investigate this QTL and found three candidate genes near the most 

significantly associated SNP marker, which will be useful for further study of this 

locus (Liu et al., 2014).  Many markers have been developed for Phyto.5.2:  a 

dominant SCAR marker (Quirin et al., 2005), AFLP and RAPD markers (Sugita et al., 

2006), SSR markers (Minamiyama et al., 2007), a SNAP marker (Kim et al., 2008), 

SCAR and RAPD markers (Truong et al., 2012), and SNP markers (Liu et al., 2014).   

 Despite ever-increasing knowledge about the genetics of resistance to P. 

capsici, there have still been no fully successful breeding efforts to introduce the 

resistance from CdM334 into a commercial pepper line.  The first issue encountered is 

linkage drag, in which resistance genes are linked to undesirable horticultural traits.  In 

F2 and F3 populations from a cross between the susceptible ‘Americano’ and CdM334, 

hairs on the stem (a trait of CdM334) were strongly correlated with resistance to P. 

capsici (Egea-Gilabert et al., 2008).  The authors concluded that the plants that were 

phenotypically most similar to CdM334 were also most likely to be resistant (Egea-

Gilabert et al., 2008).  Fruit shape was weakly correlated with fruit rot resistance in a 
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population derived from a cross between ‘Early Jalapeno’ and CdM334 (Naegele and 

Hausbeck, 2014).  This correlation is further supported by the co-localization of QTLs 

for fruit rot resistance, fruit shape, and pericarp thickness (Naegele et al., 2014).  The 

other problem experienced when breeding for resistance is the failure to transfer all 

needed resistance genes (Lefebvre and Palloix, 1996; Palloix et al., 1990).  Backcross 

breeding (Saini and Sharma, 1978), recurrent selection (Palloix et al., 1990; Thabuis et 

al., 2004a), and marker-assisted QTL introgression (Thabuis et al., 2004b) have all 

been attempted, none with wholly successful results. 

 

Squash 

Squash (Cucurbita spp.) is an important vegetable crop that is popular 

worldwide.  The three main cultivated species of squash are Cucurbita pepo, 

Cucurbita moschata, and Cucurbita maxima.  Squash is native to North and South 

America and was domesticated up to 10,000 years ago (Ferriol and Picó, 2008).  C. 

pepo fruits are consumed at both the immature and mature stages, while C. moschata 

and C. maxima fruits are primarily consumed at the mature stage (Ferriol and Picó, 

2008).  Mature squash, also known as winter squash, is sold and consumed as a fresh 

market crop and processed as frozen squash and canned pumpkin.  Squash fruits are 

highly nutritious, containing extremely high levels of pro-vitamin A.  In addition, they 

contain high levels of vitamin C and are sources of other nutrients such as calcium, 

potassium, and iron.  Of further nutritional benefit are their high fiber and the low 

calorie content per serving. 
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Squash Genomic Resources 

Cucurbita species are part of the Cucurbitaceae family, which also includes 

cucumber (Cucumis sativus), melon (Cucumis melo), and watermelon (Citrullus 

lanatus).  The three cultivated Cucurbita species (2n = 40) have a genome of 

approximately 500 Mb (Arumuganathan and Earle, 1991) and have a small but 

growing number of genomic resources.  In the Cucurbitaceae family, cucumber has 

the most extensive genomic resources, with a sequenced genome and many molecular 

markers (Huang et al., 2009; Zhang et al., 2012).  Melon and watermelon also have 

sequenced genomes and high-quality maps (Clepet et al., 2011; Diaz et al., 2011; 

Garcia-Mas et al., 2012; Guo et al., 2013; Ren et al., 2012).   

Squash has a growing number of genomic resources. Several genomic maps 

have been generated for C. pepo (Gong et al., 2008b; Zraidi et al., 2007), including a 

recent map by Esteras et al., which was the first to use SNP markers (Esteras et al., 

2012).  There is also a genetic map comprised of 205 SSR markers for C. moschata 

and a comparative map between C. pepo and C. moschata with 76 common SSR 

markers (Gong et al., 2008a).  Another major source of genomic information is two 

sequenced Cucurbita transcriptomes.  The first transcriptome was comprised of 

49,610 unigenes derived from flower, leaf, and root tissue of two summer squash 

cultivars (Blanca et al., 2011).  More than 60% of the unigenes were annotated, aiding 

in the potential identification of genes of interest in the squash genome.  It was used to 

identify more than 10,000 potential simple sequence repeats (SSRs) and SNPs that can 

be used to generate molecular markers.  In addition, a C. moschata transcriptome 
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consisting of 62,480 unigenes was sequenced from leaf, stem, and shoot tissue (Wu et 

al., 2014).  

Fruit Development and Quality 

Squash is primarily grown for the consumption of its fruit, which has a 

complex anatomy and development.  Squash fruit consists of several layers:  the 

exocarp is the outer layer (rind), the mesocarp is the middle layer (fruit flesh), and the 

endocarp is the thin inner layer around the seeds (Loy, 2004).  From pollination to 

maturity, fruit development takes approximately 60 days.  There are three major 

developmental stages (Irving et al., 1997).  Early growth takes place during the first 30 

days of fruit development and is when fruit expansion, starch accumulation, and dry 

matter accumulation occur.  For the next 30 days, the fruit matures and sucrose 

accumulates.  After 60 days, fruit ripening occurs and starch is metabolized while 

sucrose further accumulates. 

 Fruit quality is especially important for winter squash and is made up of the 

interaction of several factors including texture, flavor, sweetness, color, and nutrient 

content.  Of the three primary squash species, C. maxima generally has the highest 

fruit quality, while C. pepo has the lowest.   Although many components contribute to 

squash fruit quality, research has identified three main metabolites that are easily 

quantifiable and underlie variation in quality:  carotenoid content determines fruit 

color (Gajewski et al., 2008; Itle and Kabelka, 2009), starch content and dry matter are 

highly correlated with fruit texture, with higher starch content and thus higher dry 

matter manifested as superior texture (Corrigan et al., 2001; Cumarasamy et al., 2002; 

Hurst et al., 2006), and sugar content is important for sweetness and consumer 
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acceptance and is generally associated with improved squash flavor (Cumarasamy et 

al., 2002).  These three components are each determined by complex, yet well-

understood biochemical networks.  

 In addition to contributing to fruit asthetics in the form of fruit mesocarp color, 

carotenoids additionally provide nutritional benefits to consumers.  The primary 

carotenoids in squash are α-carotene, β-carotene, and lutein (Azevedo-Meleiro and 

Rodriguez-Amaya, 2007).  Alpha-carotene and β-carotene are sources of pro-vitamin 

A and approximately 19 mg and 9.5 mg respectively are needed to meet the 

recommended daily allowance (RDA) for adults (NIH, 2013).  Winter squash varies 

greatly in total pro-vitamin A content, ranging from 3% of the RDA (acorn squash) to 

over 93% of the RDA (butternut squash) for a one-cup serving, according to the 

USDA National Nutrient Database (USDA, 2011).  Butternut squash is one of the best 

plant sources of pro-vitamin A, with only a few vegetables, including sweet potato and 

carrot, providing more pro-vitamin A per one-cup serving (USDA, 2011).  Lutein does 

not have an official RDA, but the American Optometric Association recommends an 

intake of 10 mg per day to support eye health (AOA, 2014).  Winter squash lutein 

content varies greatly, ranging from 0 mg to 8 mg per one-cup serving (Azevedo-

Meleiro and Rodriguez-Amaya, 2007; Itle and Kabelka, 2009).  Other high-lutein 

foods include kale, spinach, and collards, with 15-24 mg lutein per one-cup serving 

(AOA, 2014). 

Squash Seeds and the Hull-less Gene 

Although squash was originally domesticated for consumption of its nutritious 

seeds (Robinson and Decker-Walters, 1997), seeds are currently a neglected 
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component of the squash fruit.  A primary reason for the under-utilization of squash 

seeds is their tough, unpalatable seed coat. There is, however, a mutation that causes 

the seeds to be “hull-less” (Stuart and Loy, 1983) that has great potential for 

increasing consumption of squash seeds.  This mutation, known as the hull-less 

mutation, is thought to have appeared in Austria around 1880 (Teppner, 2000) and 

causes a dramatic reduction in the development of the seed coat. When this mutation is 

present, all of the layers of the seed coat are formed, but the outer layers of the seed 

coat do not undergo normal secondary cell wall development and thus have greatly 

reduced levels of lignin, cellulose, and hemicellulose (Stuart, 1981; Stuart and Loy, 

1983). The hull-less gene is a major recessive gene with modifiers, and a 

complementation test confirmed that six representative C. pepo mutant lines all have 

mutations at the same locus (Wyatt et al., unpublished). The hull-less gene has been 

mapped (Gong et al., 2008b; Zraidi et al., 2007), but the published linked markers do 

not cosegregate with the mutation in all germplasm (Wyatt et al., unpublished).  

 The hull-less mutation is also of interest because of the high nutritional quality 

of squash seeds, which contain protein, fiber, unsaturated fatty acids, Vitamin E, 

phytosterols, and a range of essential minerals (Fruhwirth and Hermetter, 2007; Lazos, 

1986; Stevenson et al., 2007). Both wild type and hull-less seeds have been found to 

vary in fatty acid profile, protein content, and vitamin E content (Idouraine et al., 

1996; Murkovic et al., 1999). Hull-less seeds have an enriched fatty acid content as 

compared to wild type seeds (Fruhwirth and Hermetter, 2007), which provides an 

opportunity for selection for improved nutritional content. 
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 In wild-type squash seed development, the seed coat develops from the outer 

integument of the ovule (Teppner, 2004).  There are two main seed coat layers, the 

chlorenchyma, which is a thin, membranous-like, green inner layer containing proto-

chlorophyll, and a thick, hard, outer layer made up of the epidermis, hypodermis, 

schlerenchyma, and aerenchyma (Loy, 2000; Stuart and Loy, 1983; Teppner, 2004).  

The hypodermis, sclerenchyma, and aerenchyma are lignified and form secondary cell 

walls, making the seed coat tough (Stuart and Loy, 1983).  In plants with the hull-less 

mutation, however, this secondary cell wall development and lignification do not 

occur, even though all seed coat layers are present (Loy, 2000; Stuart and Loy, 1983).  

Specifically, lignin, cellulose, and hemicellulose are all reduced in hull-less seed coats 

(Loy, 2000; Stuart and Loy, 1983).  Because of this lack of hardening and thickening, 

the outer layers collapse, leaving only the inner, green, chlorenchyma, which develops 

more cell layers than in wild-type seeds (Stuart and Loy, 1983) and causes the 

characteristic green appearance of hull-less seeds. 

The hull-less gene has yet to be identified, but there are several hypotheses 

about its function.  Our preferred hypothesis is that the hull-less mutation is in a 

transcription factor controlling secondary cell wall development in the seed coat.  

Such major regulatory transcription factors are known to control tissue-specific 

secondary cell wall development in many species such as Arabidopsis, poplar, rice, 

and Medicago (Mitsuda et al., 2005; Wang et al., 2011; Zhong et al., 2010; Zhong et 

al., 2011).  One line of evidence supporting this hypothesis is that four genes involved 

in secondary cell wall biosynthesis were found to be down-regulated in seed coats of 

hull-less mutants (Bezold et al., 2005), as would be expected if the hull-less gene is a 
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transcription factor that regulates the expression of these and other secondary cell wall 

biosynthesis genes. 

 

Scope of the Dissertation 

In this dissertation, I explore multiple avenues of vegetable crop improvement.  

Chapter 2 details the development of molecular markers that differentiate the three 

Pun1 alleles in pepper and enable breeders to select for or against pungency at the 

seedling stage.  In Chapter 3, the disease resistance and yield of our Phytophthora 

capsici-resistant bell peppers are described in comparison to commercially-available 

varieties.  Chapter 4 moves to the broader genomics level and discusses the 

sequencing and assembly of the first winter squash fruit and seed transcriptome.  

Building on this transcriptome, Chapter 5 looks at differential gene expression 

throughout fruit development in two winter squash cultivars bred for different 

purposes.  Together, the research described contributes to both applied vegetable 

breeding and knowledge about the genomics underlying major traits of interest.  
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CHAPTER 2 

 

DEVELOPMENT AND APPLICATION OF A SUITE OF NON-PUNGENCY 

MARKERS FOR THE PUN1 GENE IN PEPPER (CAPSICUM SPP.)
1
 

 

Abstract 

Pungency in peppers is due to the presence of capsaicinoid molecules, which 

are only produced in Capsicum species.  The major gene Pun1 is required for the 

production of capsaicinoids.  Three distinct mutant alleles of Pun1 have been found in 

three cultivated Capsicum species, one of which has been widely utilized by breeders.  

Although these mutations have been previously identified, a robust collection of 

molecular markers for the set of alleles is not available.  This has been hindered by the 

existence of at least one paralogous locus that tends to amplify with Pun1.  We present 

a suite of markers that can differentiate the four Pun1 alleles and test them on a 

diverse panel of pepper lines and in an F2 population segregating for pungency.  These 

markers will be useful for pepper breeding, germplasm characterization, and seed 

purity testing. 

 

Introduction 

Capsaicinoids, the molecules that cause a pungent, burning sensation when hot 

peppers are consumed, are produced exclusively in the genus Capsicum. This 

organoleptic quality is due to the activation of the TRPV1 (VR1) receptor (Caterina et 

al., 1997).  The primary capsaicinoids are capsaicin, dihydrocapsaicin, and 

                                                 
1 This chapter was originally published in Molecular Breeding and is re-printed with kind permission 

from Springer Science+Business Media: Wyatt, L., Eanetta, N., Stellari, G. and M. Mazourek. 2012. 

Development and application of a suite of non-pungency markers for the Pun1 gene in pepper 

(Capsicum spp.). Molecular Breeding 30: 1525-1529. 
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nordihydrocapsaicin (Bennett and Kirby, 1968). The presence of capsaicinoids makes 

pungent peppers valuable as a spice.  In contrast, the absence of capsaicinoids is 

important when non-pungent peppers are grown as a vegetable crop. 

Although several genes are known to affect capsaicinoid levels, mutations in 

the Pun1 locus are the most well-known and widely deployed in pepper germplasm.  

Three mutant alleles of Pun1 have been identified.  The first, pun1
1
, has been found 

exclusively in C. annuum and is the allele that has been widely used to breed non-

pungent bell peppers.  The pun1
1
 allele has a 2.5 kb deletion that eliminates the 

putative promoter region and most of the first exon, causing the gene to be neither 

transcribed nor translated (Stewart et al., 2005).  The pun1
2
 allele is characterized by a 

4 bp deletion in the first exon that creates a premature stop codon.  This allele is 

transcribed, but no protein product is produced (Stewart et al., 2007).  The third 

known allele is pun1
3
, which has a large deletion of the 3’ end of the gene resulting in 

a loss of the final 70 amino acids of the Pun1 protein (Stellari et al., 2010).  The pun1
3
 

allele is not transcribed or translated (Stellari et al., 2010).      

Either the presence or absence of capsaicin, caused by the presence of the wild 

type or mutant alleles of Pun1 respectively, can be desirable in pepper breeding 

programs.  Because pungent and non-pungent germplasm are often intermated in 

breeding programs, it is important to be able to determine the allelic state of Pun1 in 

breeding populations.  Multiple markers have been developed for pun1
1
 (Blum et al., 

2002; Minamiyama et al., 2005; Lee et al., 2005; Truong et al., 2009).  In addition, 

PCR markers have been developed for the pun1
2
 allele (Stewart et al., 2007) and the 

pun1
3
 allele (Stellari et al., 2010).  Still, there remains a need for a robust suite of 
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molecular markers that can detect the functional nucleotide polymorphisms of the 

three Pun1 alleles, thus eliminating the possibility of recombination between marker 

and gene, and are adaptable to a variety of genotyping platforms.  Additional 

requirements in designing markers for modern high-throughput assays are shorter 

amplicon lengths and eliminating the need for restriction digests or other manual steps. 

The development of such a suite of markers has been hindered by the presence of the 

pseudogene catf2.  catf2 is paralogous to Pun1, with a 82% sequence identity (Lang et 

al., 2006).  PCR primers designed from the Pun1 sequence tend to also amplify from 

catf2 and confound marker results. In this study, we created an effective and easy to 

use marker set that reliably detects the pun1
1
 and pun1

2
 allele functional 

polymorphisms and the means to transfer these markers to other genotyping platforms.   

 

Methods, Results, and Discussion 

To reliably differentiate the pun1
1
 allele (GenBank # AY81903) from the other 

Pun1 alleles (ex. GenBank # AY819027), we designed a 3-primer PCR marker 

(Figure 2.1a).  By positioning the first forward primer within the deleted region, 

amplification only occurs in the absence of the pun1
1
 mutation. A second forward 

primer spans the deleted region, so it can only bind and amplify when the pun1
1
 

deletion is present. The resulting PCR fragments can easily be distinguished on a 1% 

agarose gel. 

A second molecular marker was designed to differentiate the pun1
2
 allele 

(GenBank # EF104910) from the other Pun1 alleles.  This marker detects the 4 bp 

deletion that defines the pun1
2
 allele.  A primer pair was designed in exon 1 that flanks 
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the deleted region (Figure 2.1b).  The amplified fragments differ in size by 4 bp, with 

the pun1
2
 allele producing a 392 bp fragment and the Pun1 and pun1

3
 alleles 

producing a 396 bp fragment.  No fragment is amplified from the pun1
1
 allele because 

its large deletion includes the amplified region.  While this 4bp polymorphism can be 

detected by PAGE with silver staining, the use of a fluorescently labeled forward 

primer allows this process to be automated using fragment analysis systems.  The key 

innovation of these two new markers is the placement of a specific reverse PCR 

primer in a region that is unique to the Pun1 locus and not present in the paralogous 

catf2 pseudogene (GenBank # AB206920).  In the pun1
1
 assay there are six 

mismatches between Pun1 and catf2 at the location of the reverse primer (Figure 

2.2a).  In the pun1
2
 assay, the reverse primer location has a 3 bp insertion in catf2 as 

Figure 2.1 Allele-specific marker design.  Exons are represented by boxes.  (a) 

The pun1
1
 marker detects the large deletion in pun1

1
, depicted by the dashed lines.   

Primers A and C amplify a larger fragment in the wild-type Pun1 allele.  A and C 

cannot amplify in the pun1
1
 allele because A is located in the deleted region.  

Primer B spans the deleted region and so can only bind to the pun1
1
 allele.  It 

combines with Primer C to amplify a smaller fragment.  (b) The pun1
2
 marker 

detects the 4 bp deletion in the pun1
2
 allele, depicted by the triangle 
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well as 5 mismatches (Figure 2.2b).  These primers prevent amplification from catf2, 

which would confound the results.  

These new markers, along with the previously developed pun1
3
 marker 

(Stellari et al., 2010) were tested on a panel of 13 pungent and non-pungent pepper 

lines and representative hybrids.  In addition to pepper lines that we have previously 

used as standard controls for the three Pun1 alleles (Stewart et al., 2005; Stewart et al., 

2007; Stellari et al., 2010), 4 Capsicum accessions described as non-pungent from the 

USDA ARS Germplasm Resources Information Network’s National Plant Germplasm 

System (GRIN) (Griffin, GA) were included (PI 355819, Grif 9182, PI 224428, PI 

653681).  Three plants were grown from selfed seed in the Guterman greenhouse 

facility at Cornell University, Ithaca, NY, USA using standard horticultural practices.  

To validate the phenotype of the new non-pungent accessions, ripe fruit from each 

plant were tested organoleptically for pungency. Capsaicinoid content was also 

Figure 2.2 Paralog-specific primer design.  Regions of the Pun1 gene used to 

design PCR primers are shown aligned with the corresponding region of the catf2 

pseudogene.  Primers were localized to regions that contained multiple mismatches 

with the catf2 pseudogene.  (a) The reverse primer for the pun1
1
-specific marker 

aligned with corresponding genomic regions.  (b) The reverse primer for the pun1
2
-

specific marker aligned with corresponding genomic regions.  GenBank accession 

numbers are as follows:  Pun1 - AY819027; pun1
1
 - AY81903; pun1

2
 - EF104910; 

catf2 - AB206920 
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quantitatively measured in a sample of 10 mature, dried fruit from each of the three 

plants per accession using a capsaicinoid-detecting enzyme-linked immunosorbent 

assay (ELISA) kit from Beacon Analytical (Beacon Analytical, Portland, ME, USA) 

according to the manufacturer’s protocol with modifications from Stewart et al. 

(2007).  All four accessions were non-pungent as judged by tasting and a capsaicinoid 

content measured at less than 1 part per million (data not shown), which corresponds 

to the limits of detection of the kit and organoleptic assays (Stewart et al., 2007).   

To perform the marker assays, genomic DNA from S1 plant leaf tissue was 

extracted using the method of Doyle and Doyle (1990).  All primers sequences are 

listed in Table 2.1.  pun1
1
-specific agarose gel marker:  PCR conditions were as 

follows: 2.5 µl of 10x PCR buffer, 1 µl of 2.5 mM dNTPs, 0.25 µl of 10 µM pun1
1
 

fwd 1 primer, 0.25 µl of 10 µM pun1
1
 fwd 2 primer, 0.25 µl of 10 µM pun1

1
 rev 

primer, 0.25 µl of Taq polymerase, 10 µl of 20 ng/µl genomic DNA solution and H2O 

to a final volume of 25 µl.   PCR cycles were as described above, with an annealing 

temperature of 60 °C.  PCR products were visualized on a 1% agarose gel stained with 

 

Table 2.1 PCR primers used for Pun1 markers. 

 

Primers Primer sequence (5' to 3') 

pun1
1
 fwd 1 TCCTCATGCATCTCTTGCAG 

pun1
1
 fwd 2 GCTCCACGGAAAAGACTCAT 

pun1
1
 rev CAAATGGCAGTTTCCCTTCTCTCATT 

pun1
2
 fwd 6-FAM TTCCCATATAGCCCACTTGC 

pun1
2
 rev GATGGAACTAAAGCTGTTGTCGTATG 

pun1
3
 fwd GTAGTTTTTCGGAAATGAAAAGTACT 

pun1
3
 rev 1 CACGCCTTGCCCAGCTTTGTAATCTT 

pun1
3
 rev 2 TCATGTCCATTCGGCCAAACAGTG 
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Figure 2.3 Pun1 allele-specific PCR markers.  Codominant PCR-based markers 

were developed to distinguish each of the four known Pun1 alleles.  Lanes and 

corresponding electropherogram: 1, ‘Czech Black’ (p); 2, ‘Cal Wonder Orange’ 

(np); 3, ‘Czech Black’ x ‘Cal Wonder Orange’ F1 (p); 4, ‘Habanero’ (p); 5, NMCA 

30036 (np); 6, ‘Habanero’ x ‘NMCA 30036’ F1 (p); 7, PI 355819 (np); 8, Grif 9182 

(np); 9, BG2814-6 (p); 10, PI 594141-np (np); 11, BG2814-6 x PI 594141-np F1 

(p); 12, PI 224428 (np); 13, PI 653681 (np); M, 1 kb+ ladder.  (a) The pun1
1
- 

specific marker visualized on a 1% agarose gel stained with ethidium bromide. The 

pun1
1
 allele yields a smaller band of 746 bp. A larger band of 1063 bp indicates the 

presence of the Pun1, pun1
2
, or pun1

3
 allele.  (b) The pun1

3
-specific marker 

visualized on a 1% agarose gel stained with ethidium bromide.  The pun1
3
 allele 

yields a larger band of 1033.  A smaller band of 586 bp indicates the presence of 

the Pun1, pun1
1
, or pun1

2
 allele.  (c) The pun1

2
-specific fragment analysis marker 

visualized as electropherograms.  The pun1
2
 allele yields a smaller fragment of 392 

bp.  A larger fragment of 396 bp indicates the presence of the Pun1 or pun1
3
 allele.  

No fragment is amplified from the pun1
1
 allele due to its large deletion.  (d) The 

pun1
1
-specific marker can clearly distinguish Pun1 genotypes as shown by 

representative individuals of a C. annuum F2 population segregating for Pun1, 

demonstrating its utility in pepper breeding programs. P1, ‘Czech Black;’ P2, ‘Cal 

Wonder Orange;’ M, 1 kb+ ladder; p, pungent; np, non-pungent 
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ethidium bromide (Figure 2.3a).  pun1
2
-specific fragment analysis marker:  PCR 

conditions were as follows:  2 µl of 10x PCR buffer, 1.6 µl of 2.5 mM dNTPs, 0.8 µl 

of 10 µM 6-FAM labeled pun1
2
 fwd primer, 0.8 µl of 10 µM pun1

2
 rev primer, 0.4 µl 

of Taq polymerase, 10 µl of 20 ng/µl genomic DNA solution and H2O to a final 

volume of 20 µl.    PCR cycles were as follows: 94 °C for 2 min, 41 cycles of 94 °C 

for 1 min, 55 °C for 1 min, 72 °C for 1 min, with a final extension at 72 °C for 5 min.  

PCR products were adjusted to the appropriate concentration with water and mixed 

with a Liz 500 size standard (Gene Scan) in formamide and denatured at 95 °C for 5 

min prior to fragment analysis on a 3730xl DNA Analyzer (Applied Biosystems) 

(BRC, Cornell University, Ithaca, NY).  Electropherograms were processed using 

Peak Scanner 1.0 (Applied Biosystems, 2006) (Figure 2.3c).  pun1
3
-specific agarose 

gel marker:  As described in Stellari et al. (2010), PCR conditions were as follows: 

2.5 µl of 10x PCR buffer, 2 µl of 2.5 mM dNTPs, 1 µl of 10 µM pun1
3
 fwd primer, 1 

µl of 10 µM pun1
3
 rev 1 primer, 1 µl of 10 µM pun1

3
 rev 2 primer, 0.5 µl of Taq 

polymerase, 10 µl of 20 ng/µl genomic DNA solution and H2O to a final volume of 25 

µl.  PCR cycles were as follows: 94 °C for 3 min, 34 cycles of 94 °C for 30 s, 55 °C 

for 30 s, 72 °C for 1 min 30 s, with a final extension at 72 °C for 15 min.  PCR 

products were visualized on a 1% agarose gel stained with ethidium bromide (Figure 

2.3b). 

When the two newly developed markers are combined with the existing pun1
3
-

specific marker, a range of Pun1 genotypes can be easily and accurately distinguished 

from each other, as demonstrated with our panel of peppers (Figure 2.3a-c).  These 

markers have been found to be useful for phenotype prediction in segregating 
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populations.  The pun1
2
 marker has been used successfully in our breeding program 

for several years (data not shown). The pun1
1
 marker was tested in a F2 population of 

64 individuals derived from the highly pungent heirloom cultivar ‘Czech Black’ and 

the non-pungent ‘Cal Wonder Orange’ and has also been successfully used in a 

number of breeding projects.  The marker co-segregated with pungency in the F2 

population and no confounding catf2 artifacts were observed (Figure 2.3d).  The 

consistent identification of the Pun1 alleles in varied pepper varieties and accessions is 

expected for these markers, as they are diagnostic of the functional polymorphisms 

that define the alleles.   

The set of markers presented in this paper are unique in their ability to detect 

the functional nucleotide polymorphisms of the three Pun1 alleles.  This set of Pun1 

markers will aid diversity studies through the easy identification of the three known 

Pun1 mutants in a wide range of germplasm.  Additionally, the markers are useful for 

seed lot testing in seed purity programs. With a trait such as pungency in fruit, which 

can cause a painful sensation upon contact, it is critical to maintain the purity of non-

pungent seed stocks.  Finally, these markers will be highly useful in breeding 

programs because they provide an easy method to genotype populations and quickly 

identify plants with the desired pungency state. 
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CHAPTER 3 

 

RED HARVEST YIELD AND FRUIT CHARACTERISTICS OF PHYTOPHTHORA 

CAPSICI-RESISTANT BELL PEPPER INBRED LINES IN NEW YORK
2
 

 

Abstract 

Phytophthora capsici is an oomycete pathogen that causes disease on bell 

pepper (Capsicum annuum) and many other vegetable crops globally.  Newly 

developed bell pepper inbred lines have been shown to be resistant to P. capsici and 

have been previously evaluated for green harvest yield.  Nine P. capsici-resistant 

inbred lines and three commercial cultivars were evaluated for red harvest yield and 

fruit characteristics at three sites and disease resistance was evaluated through field 

inoculation studies.  Three of the P. capsici-resistant lines were further evaluated as 

hybrid parents by measuring hybrid yield and disease resistance.  P. capsici-resistant 

lines had excellent disease resistance and provided high levels of resistance to F1 

hybrids.  Inbred lines had comparable yields to the commercial cultivars, but fruit 

were smaller in size and weight.  These lines are suitable for use as inbred lines for 

markets where small fruit size is acceptable and have potential for use as hybrid 

parents. 

 

Introduction 

Bell peppers are an important vegetable crop in the United States. More than 

1.8 billion pounds of bell peppers were grown in 2012 at a value of $628 million (U.S. 

                                                 
2 This chapter was originally published in HortTechnology and is re-printed with kind permission from 

the American Society for Horticultural Science: Wyatt, L., Dunn, A., Falise, M., Reiners, S., Jahn, M., 

Smart, C., and M. Mazourek. 2013. Red Harvest Yield and Fruit Characteristics of Phytophthora 

capsici-Resistant Bell Pepper Inbred Lines in New York. HortTechnology 23: 356-363. 
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Department of Agriculture, 2013).  Although most bell peppers are harvested and sold 

at the immature green stage, bell peppers at the mature ripe stage are also produced.  

Red bell peppers have excellent nutritional properties, with carotenoids, flavonoids, 

and vitamin C (Greenleaf, 1986).   

Phytophthora blight is a disease of pepper (Capsicum sp.) that was first 

discovered in New Mexico in 1918 (Leonian, 1922).  It causes severe losses in many 

bell pepper-producing areas around the United States and the world (Bosland and 

Lindsey, 1991; García-Rodríguez et al., 2010; Hwang and Kim, 1995; Oelke et al., 

2003).  Phytophthora blight is caused by the oomycete pathogen Phytophthora capsici, 

which can infect a wide range of vegetable crops (Crossan et al., 1954; Polach and 

Webster, 1972).     

Management of phytophthora blight is difficult because it can spread quickly 

throughout a field from an initial inoculation source.  P. capsici reproduces asexually 

through the formation of sporangia and zoospores (Ristaino, 1991) which are 

dispersed by water (Granke et al., 2009).   Because the sporangia and zoospores move 

in water, rainfall and irrigation events have a significant impact on disease 

development and can spread inoculum throughout a field (Bowers and Mitchell, 1990; 

Café-Filho and Duniway, 1995; Ristaino, 1991). P. capsici reproduces sexually by 

forming oospores, which are capable of overwintering in the field and acting as a 

persistent inoculum source (Lamour and Hausbeck, 2003).  In New York, 

phytophthora blight is a growing issue for bell pepper production (Dunn et al., 2010), 

with zoospore-containing irrigation water infesting previously unaffected farms and 

recent flooding spreading inoculum between farms.  Fungicide-insensitive populations 
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of P. capsici are increasingly common and there are no fully resistant bell pepper 

cultivars that are commercially available; field infestations can lead to total yield loss 

for multiple years.   

Current control strategies for phytophthora blight include the application of 

fungicides, cultural practices aimed at reducing the spread of inoculum, and the use of 

resistant bell pepper cultivars (Hausbeck and Lamour, 2004; Ristaino and Johnston, 

1999).  Unfortunately, control strategies are not always fully effective.  Due to the 

prolonged use of a limited number of chemistries, fungicide-insensitive P. capsici 

isolates have been reported.  Insensitivity to the fungicide mefenoxam is common and 

resistance to other fungicides has also been reported (Lamour and Hausbeck, 2001; Lu 

et al., 2010).  In addition, once a field is infected, inoculum can remain for years 

(Lamour and Hausbeck, 2003).  The most grower- and environment-friendly control 

strategy is the use of bell pepper cultivars that are resistant to P. capsici, combined 

with cultural practices.  Unfortunately, there has been significant difficulty with 

breeding bell peppers resistant to P. capsici, with no commercially available bell 

peppers with full resistance as well as the desired horticultural type (Oelke et al., 

2003; Ristaino and Johnston, 1999; Thabuis et al. 2004).  This difficulty is due to the 

multigenic nature of the resistance, as well as linkage drag of negative horticultural 

traits linked to resistance genes (Thabuis et al., 2004).  Partial resistance of some 

commercially available bell peppers varies in effectiveness depending on the P. 

capsici isolate used for testing (Foster and Hausbeck, 2010).  These resistant bell 

pepper cultivars also tend to have a problem with silvering, where the bell pepper 

cuticle separates from the epidermis causing a silver coloration (Kline et al., 2011).  
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A set of nine P. capsici-resistant bell pepper inbred lines (hereafter referred to 

as “PR lines”) has been developed that provides a new option to growers with 

phytophthora blight in the northeast United States.  These PR lines displayed excellent 

resistance when challenged in a greenhouse assay using four Michigan P. capsici 

isolates (Foster and Hausbeck, 2010).  They have also been evaluated in inoculated 

field studies and were found to be resistant to the crown rot phase of phytophthora 

blight caused by P. capsici (Dunn et al., 2013).  In that study, the number and weight 

of fruit per plot of green (immature) harvested fruit of the PR lines were comparable to 

commercial cultivars, especially under disease pressure, and they had a low incidence 

of silvering (Dunn et al., 2013).  In this study, we evaluated the ripe red harvest yield 

and fruit characteristics of the PR lines and several commercial cultivars, compared 

their performances in organic, conventional, and conventional drought environments, 

and tested their potential to provide disease resistance as hybrid parents. 

 

Materials and Methods 

All of the cultivars and lines evaluated in this study are described in Table 3.1.  

Nine PR lines bred at Cornell University were evaluated in this experiment.  Three 

commercial cultivars, two of which were described by the supplier as having 

“intermediate resistance” to phytophthora blight, were grown as controls.  ‘Aristotle’ 

could not be obtained as untreated seed, so it was omitted from the organic trial site.  

In 2012 only, six F1 hybrids created by manual cross-pollinations between a PR line 

and a commercial cultivar were also tested.  The two commercial cultivars used as  
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Table 3.1  Bell pepper cultivars, lines, and F1 hybrids used in yield and disease 

resistance trial. 

 

Cultivar or line Source   

 'Aristotle' Seminis St. Louis, MO 

 'Paladin' Syngenta Greensboro, NC 

 'Revolution' Harris Moran Modesto, CA 

Pcap-NY8001-1 Cornell University  Ithaca, NY 

Pcap-NY8002-3 Cornell University  Ithaca, NY 

Pcap-NY8003-2 Cornell University  Ithaca, NY 

Pcap-NY8006-1 Cornell University  Ithaca, NY 

Pcap-NY8006-4 Cornell University  Ithaca, NY 

Pcap-NY8007-1 Cornell University  Ithaca, NY 

Pcap-NY8007-2 Cornell University  Ithaca, NY 

Pcap-NY8007-3 Cornell University  Ithaca, NY 

Pcap-NY8007-4 Cornell University  Ithaca, NY 

F1 #1 - 'Keystone Giant' x 

Pcap-NY8002-3 F1 hybrid (this study)  

F1 #2 - 'Keystone Giant' x 

Pcap-NY8003-2 F1 hybrid (this study)  

F1 #3 - 'Keystone Giant' x 

Pcap-NY8007-3 F1 hybrid (this study)  

F1 #4 - 'King of the North' x 

Pcap-NY8002-3 F1 hybrid (this study)  

F1 #5 - 'King of the North' x 

Pcap-NY8003-2 F1 hybrid (this study)  

F1 #6 - 'King of the North' x 

Pcap-NY8007-3 F1 hybrid (this study)  

 'Keystone Giant' Gourmet Seed Tatum, NM 

 'King of the North' High Mowing Organic Seeds Wolcott, VT 

 

hybrid parents, Keystone Giant and King of the North, were also grown in 2012 as 

controls.   

These experiments were conducted at three field sites:  yield trials were  

conducted at the East Ithaca Research Farm of Cornell University in Ithaca, NY in 

2011 and 2012 (hereafter referred to as “East Ithaca”) and the Freeville Organic 

Research Farm of Cornell University in Freeville, NY (hereafter referred to as 
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“Freeville Organic”) in 2012, while disease resistance trials were conducted at the 

Phytophthora Blight Farm at the New York State Agricultural Experiment Station in 

Geneva, NY in 2011 and 2012.  The Phytophthora Blight Farm is used annually for 

field-based inoculation studies because it is quarantined from nearby farms, but does 

not have an overwintering population of P. capsici.  The East Ithaca Research Farm 

has an Arkport sandy loam soil type, the Freeville Organic Research Farm has a 

Rhinebeck clay soil type, and the Phytophthora Blight Farm has Odessa silt loam soil.  

At all sites, raised beds were constructed which were 4 inches high, 30 inches wide, 

and 7 ft between centers.  Beds were covered with 1.25-mil black embossed plastic 

mulch (Belle Terre Irrigation, Sodus, NY) and drip tape (emitter spacing of 12 inches 

and flow rate of 0.45 gal/min per 100 ft; Aqua-Traxx, Toro Co., Bloomington, MN) 

was used. 

At the East Ithaca site, 10N-8.7P-16.6K fertilizer was applied before planting 

at a rate of 300 lb/acre (Arrow; Royster-Clark, Princeton, NC). At the Freeville 

Organic site, compost (2.4N-1.25P-0.9K) was applied to the field at a rate of 10 

tons/acre before planting. At the Phytophthora Blight Farm, 300 lb/acre 10N-4.4P-

8.3K fertilizer (Phelps Supply, Phelps, NY) was applied under the mulch at the time 

beds were built. 

In 2011, total monthly rainfall at the East Ithaca site was 2.59, 1.99, and 4.63 

inches for June, July, and August, respectively, and at the Phytophthora Blight Farm 

monthly rainfall was 2.34, 0.72, and 2.62 inches for June, July, and August, 

respectively.  In 2012 at the East Ithaca and Freeville Organic sites, total monthly 

rainfall was 1.84, 1.59, and 3.58 inches for June, July, and August, respectively and 
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monthly rainfall was 2.59, 2.80, and 2.26 inches for June, July, and August, 

respectively at the Phytophthora Blight Farm.  At East Ithaca in 2012, a low rate of 

supplementary irrigation (0.44 acre-inch) was provided using drip tape every other 

week to create significant drought stress for the plants, simulating conditions for 

growers with no supplemental irrigation.  Drought stress was confirmed through visual 

observation of the plants.  At the Freeville Organic site, the Phytophthora Blight Farm, 

and East Ithaca in 2011, irrigation was provided to prevent drought stress. 

Bell pepper seedlings were grown in a greenhouse using natural and 

supplemental light.  Six weeks after seeding, transplant seedlings were transferred to a 

cold frame for hardening off and 8 weeks after planting, seedlings were transplanted to 

the field.  Transplanting dates were 3 June 2011 and 31 May 2012 at the East Ithaca 

site, 10 June 2011 and 15 June 2012 at the Phytophthora Blight Farm, and 30 May 

2012 at the Freeville Organic site. 

At the East Ithaca site, soluble fertilizer (Peters 10N-13.1P-16.6K; JR Peters, 

Inc., Allentown, PA) was applied at transplant, at an approximate rate of 0.083 gal/ft 

of row (7.8 g/gal of water).  At the Freeville Organic Site, Neptune’s Harvest fish 

emulsion (Hydrolyzed Fish 2N-4P-1K; Neptune’s Harvest, Gloucester, MA) was 

applied immediately after transplanting at an approximate rate of 0.055 fl oz/ft of row. 

At the Phytophthora Blight Farm, soluble fertilizer (Peters Excel 21N-2.2P-16.6K; JR 

Peters, Inc., Allentown, PA) was applied at transplant at an approximate rate of 0.07 

gal/ft of row (0.04 lb fertilizer/gal of water).  At the Freeville Organic site, plants were 

fertilized once during the season by applying diluted Neptune’s Harvest fish emulsion 

at the base of each plant at the approximate rate of 0.055 fl oz/ft of row. 
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Yield was measured in three environments:  the conventional, irrigated field at 

the East Ithaca site in 2011 (hereafter referred to as “2011 Conventional”), the 

conventional, drought-stressed field at the East Ithaca site in 2012 (hereafter referred 

to as “2012 Drought-stressed”), and the organic, irrigated field in 2012 at the Freeville 

Organic site (hereafter referred to as “2012 Organic”).   

For the yield trial, plants were arranged in a three-replicate randomized 

complete block design.  Each plot consisted of 12 plants with the middle 10 plants 

being harvested.  Plants were spaced 18 inches apart in an offset double row.  

Beginning the week of 15 Aug. 2011 and the week of 6 Aug. 2012, plots were 

harvested weekly for 8 weeks.  Mature fruit (at least 80% red or yellow) were 

harvested and graded into marketable and unmarketable classes.  Marketable fruit had 

a diameter of greater than 2.5 inches and were blemish-free.  Yield of both classes was 

measured both by number of fruit and by total weight of fruit.  Yield data were 

recorded on a 10-plant plot basis and were added across the eight harvest dates to 

calculate cumulative yield, which was used for subsequent statistical analyses.  In 

2012, the numbers of fruit in the unmarketable class with silvering and blossom-end 

rot were also counted in order to confirm between-line differences initially observed in 

2011. 

 Ten marketable fruit (if available) were arbitrarily selected from each plot and 

the following measurements were made on each fruit:  fruit length (centimeters), fruit 

width at the widest point (centimeter), fruit wall thickness (millimeters), fruit weight 

[grams (in 2012 only)], number of lobes, and percent soluble solids, measured using a 

refractometer.  In 2011, fruit weight was calculated as the mean weight of the 10 fruit 
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selected for analysis.  The number of lobes per fruit was used to calculate the percent 

of marketable fruit with four lobes.  Lines with less than seven marketable fruit for 

individual fruit measurements were excluded from analyses due to inadequate sample 

size.   

At the Phytophthora Blight Farm, all trial entries were evaluated for 

susceptibility to P. capsici.  The PR lines and the commercial cultivars were evaluated 

in 2011 and the F1 hybrids and hybrid parents were evaluated in 2012.  Plants were 

arranged in a randomized complete block design with four replicates in 2011 and three 

replicates in 2012.  Each plot consisted of 10 plants and plants were spaced 18 inches 

apart in a single row.  Inoculation and data collection procedures were as described in 

Dunn et al. (2013).  Briefly, a New York isolate of P. capsici (NY 066-4, collected 

from a bell pepper on a commercial vegetable farm in central New York in 2006; 

Dunn et al., 2010) was used to inoculate bell peppers 2, 4, and 6 weeks after 

transplanting in 2011.  Approximately 5 mL of a 4 x 10
4
-zoospores/mL suspension 

were applied at the crown of each plant using a 1.5-gal hand-pump sprayer for the first 

inoculation and 5 mL of a 1 x 10
5
- zoospores/mL suspension were applied higher up 

the stem of the plants for the later inoculations.  In 2012, bell peppers were inoculated 

5 days and 3 weeks after transplanting.  Approximately 5 mL of a 1 x 10
5
- 

zoospores/mL suspension were applied at the crown of each plant using a 1.5-gal 

hand-pump sprayer for the first inoculation and 5 mL of a 1 x 10
5
- zoospores/mL 

suspension were applied higher up the stem of the plants for the later inoculation.  

Inoculation procedure was adapted each year based on weather conditions to achieve 

high levels of disease pressure.  In both years, starting approximately 5 d after the first 
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inoculation, the proportion of plants showing symptoms of phytophthora blight (either 

wilting of at least one branch or plant death) was recorded on a per-plot basis.  These 

ratings continued approximately twice weekly for 3 months.  Disease resistance was 

quantified by calculating the area under the disease progress curve (AUDPC).  

Isolations were taken from a representative sample of diseased plants to confirm that 

the causal organism was P. capsici. 

JMP statistical software (version 9.0.0; SAS Institute, Cary, NC) was used for 

all analyses.  Separate analyses of variance (ANOVA) were conducted for all yield, 

fruit characteristics, and disease resistance data for each year and site in order to 

determine the effects of line on the assorted dependent variables.  Following all 

significant ANOVAs (P < 0.05), Tukey’s honestly significant difference (HSD) test 

(at alpha = 0.05) was used to separate means, except when numbers of entries were 

unequal, in which case Tukey-Kramer’s HSD test (at alpha = 0.05) was used.  

 

Results 

The Cornell University PR lines had excellent resistance to phytophthora 

blight.  Seven of the breeding lines displayed no disease symptoms after being 

inoculated three times with a New York isolate of P. capsici on the Phytophthora 

Blight Farm in 2011 and the remaining two had minimal disease symptoms (Figure 

3.1).  All of the PR lines were significantly more resistant to the crown rot phase of 

phytophthora blight than two commonly available commercial cultivars, Aristotle, 

which although not advertised as resistant to phytophthora blight, is generally 

regarded as moderately resistant (Keinath, 2012; Li, 2012; Louws et al., 2008), and 
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 Revolution, which is described as having intermediate resistance to phytophthora 

blight (Figure 3.1).  While the PR lines were not significantly more resistant than  

‘Paladin,’ a commonly available cultivar that is highly resistant to phytophthora blight, 

they all had a lower mean AUDPC than ‘Paladin,’ showing that they had relatively 

less disease symptoms. 

  

  

Figure 3.1 Resistance of bell pepper lines to phytophthora blight.  Resistance is 

measured as area under the disease progress curve (AUDPC), calculated by 

biweekly disease incidence ratings of inoculated plants on the Phytophthora Blight 

Farm in 2011. The Phytophthora Blight Farm is a research farm in Geneva, NY 

used annually for field-based inoculation studies because it is quarantined from 

nearby farms, but does not have an overwintering population of P. capsici.  Means 

followed by the same letter are not significantly different at P < 0.05 using Tukey’s 

honestly significant difference test.   
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 Overall marketable yield, measured as number of red or yellow fruit per 10-

plant plot, varied between sites (Figure 3.2).  Trial entries had significantly different 

fruit number per plot within each of the three sites.  At the 2011 Conventional site, 

Pcap-NY8003-2, Pcap-NY8002-3 and Pcap-NY8006-1 had the highest yields, 

yielding significantly more than ‘Revolution’ (Figure 3.2).  Pcap-NY8006-1 also had 

the highest yield at the 2012 Drought-stressed site and yielded significantly more than 

‘Revolution’ and ‘Paladin’ (Figure 3.2).  At the 2012 Organic site, ‘Revolution’ and 

‘Paladin’ had the highest yields of all of the trial entries, while Pcap-NY8003-2 had 

the highest yield of the nine PR lines (Figure 3.2).  Overall, three of the PR lines, 

Pcap-NY8001-1, Pcap-NY8003-2, and Pcap-NY8006-1, had numbers of marketable 

fruit comparable to the commercial cultivars across all sites. 

The PR lines tended to have a high percentage of marketable fruit at the 2011 

Conventional site, with Pcap-NY8003-2 and Pcap-NY8002-3having a significantly 

higher percentage of marketable fruit than the three commercial cultivars (Table 3.2). 

A similar trend was observed at the 2012 Drought-stressed site, where Pcap-NY8006-

1 and Pcap-NY8006-4 had a significantly higher percentage of marketable fruit than  

‘Paladin’ or ‘Revolution.’  At the 2012 Organic site, ‘Revolution’ had the highest 

percentage of marketable fruit, but six of the PR lines were not significantly lower.  

Based on observations of differences between lines in 2011, in 2012 the percent of 

fruit categorized as unmarketable because of either sunscald or blossom-end rot was 

also recorded at both sites (Table 3.2).  At the 2012 Drought-stressed site, the three 

commercial cultivars had the highest percentage of fruit with sunscald, with Aristotle 

having a significantly higher percentage of fruit with sunscald than any of the PR   
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lines.  At the 2012 Organic site, a similar trend was observed, but differences between 

lines were not significant.  Pcap-NY8006-1 had the lowest occurrence of blossom-end 

rot at the 2012 Drought-stressed site, with a significantly lower percentage of fruit 

with blossom-end rot than ‘Aristotle’ or ‘Revolution.’ 

Figure 3.2 Cumulative marketable yield of red or yellow bell peppers. Yield 

was measured as the total number of red or yellow marketable fruit per 10-plant 

plot (10-plant plot = 20.625 ft
2
 [1 ft

2
 = 0.0929 m

2
]; 1 fruit/10-plant plot = 0.0485 

fruit/ft
2
 = 0.5219 fruit/m

2
) summed across eight weekly harvests.

 
 The three 

treatments were “2011 Conventional,” a conventional, irrigated field at the East 

Ithaca, NY site in 2011, “2012 Drought-stressed,” a conventional, drought-stressed 

field at the East Ithaca, NY site in 2012, and “2012 Organic,” an organic, irrigated 

field in 2012 at the Freeville, NY Organic site.  ‘Aristotle’ was omitted from 2012 

Organic because untreated seed could not be obtained.  Means for a given site 

followed by the same letter are not significantly different at P < 0.05 using Tukey’s 

honestly significant difference test. 
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Fruit size varied significantly between lines at both the 2011 Conventional and 

the 2012 Organic sites (Table 3.3).  The commercial cultivars had larger fruit than the 

PR lines.  ‘Revolution’ had the largest fruit measured both as fruit weight and fruit 

length x width and had a significantly larger length x width than all of the PR lines in 

both environments.  Differences in fruit size were not significant at the 2012 Drought-

stressed site because of low sample number, but the trends were similar across all sites 

(Table 3.3).  However, all lines displayed an increased size at the 2012 Organic site 

compared to the other two sites.  The differences between lines in fruit wall thickness 

were less pronounced (Table 3.3).  The three commercial cultivars had relatively thick 

fruit walls, as did Pcap-NY8001-1, Pcap-NY-8002-3, and Pcap-NY8003-2.    

The percent of fruit with four lobes did not differ significantly between lines in any of 

the environments (data not shown).  In contrast, percent soluble solids was 

significantly different between lines in all three environments (Table 3.4).  At the 2011 

Conventional site, Pcap-NY8007-1, Pcap-NY8007-2, and Pcap-NY8007-4 had the 

highest percent soluble solids and were significantly higher than the three commercial 

cultivars.  Similarly, Pcap-NY8007-1 had the highest percent soluble solids at the 

2012 Organic site and had a significantly higher percent soluble solids than ‘Paladin’ 

and ‘Revolution.’  In contrast, the 2012 Drought-stressed site displayed a different 

trend, with ‘Aristotle’ having the highest percent soluble solids, although it was only 

significantly higher than one of the PR lines.   

F1 hybrids were made using three PR lines (Pcap-NY8002-3, Pcap-NY8003-2, 

and Pcap-NY8007-3) as paternal parents and two commercial open-pollinated 

cultivars (Keystone Giant and King of the North) as maternal parents.  In 2012, their
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Table 3.2. Percent marketable bell pepper fruit, percent fruit with sunscald, and percent fruit with blossom-end rot. Values 

are expressed as mean percent of total fruit number.  Marketable fruit are those with no sunscald, blossom-end rot, or other 

blemishes.  Bell peppers were evaluated in a conventional, irrigated environment, a conventional, drought-stressed environment 

(both in Ithaca, NY), and an organic, irrigated environment (in Freeville, NY). 

 

  Mean sunscald (%) Mean blossom-end rot (%) Mean marketable fruit (%) 

Cultivar or line 

2012 

Drought-

stressed
z 

2012 

Organic
z 

2012  

Drought-

stressed 

2012 

Organic 

 2011 

Conventional
z 

2012  

Drought-

stressed 

2012  

Organic 

‘Aristotle’
y
 10.6 a

x 
- 43.0 ab - 46.4 cd 10.3 bc -  

‘Paladin’ 7.6 abc 5.3 28.9 abc 0.0 44.4 cd 4.8 c 44.5 abcd 

‘Revolution’ 8.0 ab 2.4 45.4 ab 1.8 41.4 cd 3.2 c 69.0 a 

Pcap-NY8001-1 0.0 d 0.0 48.0 a 1.3 59.3 abc 7.1 c 54.2 abc 

Pcap-NY8002-3 2.8 bcd 0.0 29.4 abc 0.0 70.9 ab 18.1 abc 61.7 ab 

Pcap-NY8003-2 0.0 d 0.0 48.8 a 0.0 74.4 a 23.8 abc 67.9 a 

Pcap-NY8006-1 1.3 bcd 0.0 3.6 c 0.0 56.0 abcd 38.7 a 49.0 abcd 

Pcap-NY8006-4 0.8 cd 0.0 12.8 bc 0.0 56.3 abcd 36.7 ab 25.2 cd 

Pcap-NY8007-1 2.0 bcd 5.6 17.6 abc 2.8 40.8 cd 22.1 abc 36.8 abcd 

Pcap-NY8007-2 1.0 cd 1.9 24.6 abc 0.0 35.8 d 20.5 abc 16.1 d 

Pcap-NY8007-3 2.0 bcd 0.0 27.3 abc 0.0 47.5 cd 12.3 abc 26.1 bcd 

Pcap-NY8007-4 1.4 bcd 0.0 14.4 abc 0.0 50.6 bcd 6.1 c 36.2 abcd 

P-value
w 

<0.0001 NS 0.0007 NS <0.0001 0.0005 0.0002 
z The three treatments were “2011 Conventional,” a conventional, irrigated field at the East Ithaca, NY site in 2011, “2012 Drought-stressed,” a conventional, 

drought-stressed field at the East Ithaca, NY site in 2012, and “2012 Organic,” an organic, irrigated field in 2012 at the Freeville, NY Organic site. 
y ‘Aristotle’ was omitted from the 2012 Organic site because untreated seed could not be obtained. 
x Within a column, means followed by the same letter are not significantly different at P < 0.05 using Tukey’s honestly significant difference test. 
w P-value for analysis of variance testing for significant differences among lines. NS indicates lines were not significantly different at P < 0.05.  
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resistance to phytophthora blight was evaluated at the Phytophthora Blight Farm.  The 

F1 hybrids were highly tolerant to phytophthora blight (Figure 3.3), with five out of 

the six F1 hybrids not significantly different from the Pcap-resistant parents.  All of the 

hybrids were significantly more resistant than the commercial cultivar parents, which 

were extremely susceptible as displayed by their high AUDPCs. 

Hybrid yields varied by hybrid combination (Figure 3.4).  One hybrid, ‘King of 

the North’ x Pcap-NY8003-2, had the highest yield, which was significantly more than 

three of the other hybrids.  One of the three ‘Keystone Giant’ hybrids had a yield 

significantly greater than ‘Keystone Giant’ and its PR line parent.  None of the ‘King 

of the North’ hybrids had a yield significantly greater than ‘King of the North,’ but all 

were significantly greater than the PR line parents (Figure 3.4).   

Discussion 

There is a growing need for northeastern-adapted P. capsici-resistant bell 

pepper cultivars as phytophthora blight becomes more widespread (Dunn et al., 2010).  

Nine new bell pepper inbred lines with excellent resistance to P. capsici have been 

developed. Four of these lines were previously evaluated for disease resistance and 

green bell pepper yield (Dunn et al., 2013).  In this study, the disease screening data 

from the full set of PR lines is reported.  The PR lines displayed excellent disease 

resistance to the New York isolate of the pathogen used for screening, which was 

consistent with results from a study conducted with four Michigan P. capsici isolates 

(Foster and Hausbeck, 2010).  In all trials, the PR lines consistently displayed high 

resistance compared to ‘Paladin,’ a commonly-available P. capsici-resistant cultivar, 
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Table 3.3 Size of marketable red or yellow bell pepper fruit, measured as fruit weight, fruit length x width, and fruit wall 

thickness.  Bell peppers were evaluated in a conventional, irrigated environment, a conventional, drought-stressed environment 

(both in Ithaca, NY), and an organic, irrigated environment (in Freeville, NY). 

z 2011 mean fruit weight was calculated from the average weight of 10 arbitrarily selected marketable bell peppers, while 2012 mean fruit weights were 

calculated from the individual weights of 10 arbitrarily selected marketable bell peppers. 1 g = 0.0353 oz. 

y 1 cm = 0.3937 inch, 1 mm = 0.0394 inch 
x “2011 Conventional” treatment is a conventional, irrigated field at the East Ithaca, NY site in 2011 and “2012 Organic” treatment is an organic, irrigated 

field in 2012 at the Freeville, NY Organic site. 
w “2012 Drought-stressed” treatment is a conventional, drought-stressed field at the East Ithaca, NY site in 2012.  Lines from the 2012 Drought-stressed site 

with six or fewer analyzed fruit were omitted from the analysis. 
v ‘Aristotle’ was omitted from 2012 Organic because untreated seed could not be obtained. 
u Within a column, means followed by the same letter are not significantly different at P < 0.05 using Tukey-Kramer’s honestly significant difference test. 
t P-value for analysis of variance testing for significant differences among lines. NS indicates lines were not significantly different at P < 0.05.  

  Mean fruit weight (g)
z 

Mean fruit length x width (cm
2
)

y 
Mean fruit wall thickness (mm)

y 

Cultivar or line 

 2011 

Conventional
x 

2012 

Drought-

stressed
w 

2012  

Organic
x 

 2011 

Conventional 

2012 

Drought-

stressed 

2012  

Organic 

 2011 

Conventional 

2012 

Drought-

stressed 

2012 

Organic 

‘Aristotle’v 196 abu 166.9 -  77.0 ab 70.2 -  6.3 a 6.2 a -  

‘Paladin’ 148 bc - 238.1 b 67.8 c - 106.2 ab 5.7 b -  6.1 abc 

‘Revolution’ 211 a - 318.5 a 82.3 a - 112.8 a 5.9 ab -  6.8 a 

Pcap-NY8001-1 163 abc - 236.7 b 66.0 c - 89.8 c 5.9 ab -  6.2 abc 

Pcap-NY8002-3 164 abc 167.5 223.6 b 69.6 bc 65.3 90.7 bc 5.5 bc 5.9 ab 6.4 ab 

Pcap-NY8003-2 155 bc 134.5 228.0 b 63.1 c 55.2 93.4 bc 6.0 ab 5.8 ab 6.2 abc 

Pcap-NY8006-1 141 c 125.2 205.6 b 63.0 c 54.6 79.9 c 5.2 cd 6.0 a 5.9 bcd 

Pcap-NY8006-4 147 bc 148.8 215.2 b 61.2 c 64.9 84.5 c 5.7 b 5.8 ab 6.1 abcd 

Pcap-NY8007-1 146 bc 116.7 187.2 b 63.2 c 53.6 79.1 c 5.2 cd 4.8 b 5.4 cd 

Pcap-NY8007-2 136 c 156.4 214.7 b 62.7 c 64.2 91.1 bc 5.0 d 5.4 ab 5.7 abcd 

Pcap-NY8007-3 135 c 147.5 189.0 b 62.3 c 62.3 82.2 c 5.0 cd 5.6 ab 5.3 d 

Pcap-NY8007-4 144 bc  - 194.5 b 61.7 c  - 80.1 c 5.1 cd -   5.6 bcd 

P-valuet 0.0003 NS <0.0001 <0.0001 NS <0.0001 <0.0001 0.0219 <0.0001 
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Table 3.4 Mean percent soluble solids of red and yellow marketable bell peppers.  

Bell peppers were evaluated in a conventional, irrigated environment, a conventional, 

drought-stressed environment (both in Ithaca, NY), and an organic, irrigated 

environment (in Freeville, NY). 

 

    Mean soluble solids (%) 

Cultivar or line   

 2011 

Conventional
z 

2012 

Drought-

stressed
y
 

2012 

Organic
z 

‘Aristotle’
x 

 6.7 bc
w 

9.4 a -  

‘Paladin’  6.8 bc -  7.3 bcd 

‘Revolution’  6.3 c -  7.3 bcd 

Pcap-NY8001-1  7.1 ab -  7.5 bcd 

Pcap-NY8002-3  6.2 c 7.6 b 6.9 d 

Pcap-NY8003-2  6.8 bc 8.7 ab 7.1 cd 

Pcap-NY8006-1  7.2 ab 8.3 ab 7.4 bcd 

Pcap-NY8006-4  7.1 ab 8.4 ab 7.3 bcd 

Pcap-NY8007-1  7.6 a 8.9 ab 8.4 a 

Pcap-NY8007-2  7.7 a 8.2 ab 8.0 abc 

Pcap-NY8007-3  7.3 ab 8.5 ab 7.6 abcd 

Pcap-NY8007-4  7.4 a -   7.9 ab 

P-value
v 

  <0.0001 0.0165 <0.0001 
z “2011 Conventional” treatment is a conventional, irrigated field at the East Ithaca, NY site in 2011 and 

“2012 Organic” treatment is an organic, irrigated field in 2012 at the Freeville, NY Organic site. 
y “2012 Drought-stressed” treatment is a conventional, drought-stressed field at the East Ithaca, NY site 

in 2012.  Lines from the 2012 Drought-stressed site with six or fewer analyzed fruit were omitted from 

the analysis. 
x ‘Aristotle’ was omitted from 2012 Organic because untreated seed could not be obtained. 
w Within a column, means followed by the same letter are not significantly different at P < 0.05 using 

Tukey-Kramer’s honestly significant difference test. 
v P-value for analysis of variance testing for significant differences among lines.  NS indicates lines 

were not significantly different at P < 0.05.  

 

indicating that the PR lines are a valuable addition to the available P.capsici-resistant 

material.  

 To fully characterize the PR lines, we conducted a three-site ripe harvest yield 

trial comparing the nine PR lines to three commercial cultivars.  The yield data from 

this trial were consistent with the green harvest data previously reported (Dunn et al.,  

2013).  A subset of the PR lines had numbers of fruit per plot and percentage of 
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marketable fruit similar to the commercial cultivars, but tended to have smaller fruit, 

reducing yields on a weight basis. 

Yields varied substantially between the three sites, which was expected based 

on the different environmental variables at each site.  The yields were highest at the 

2011 Conventional site, which is the environment for which the lines were developed.  

Yields were lower at the 2012 Organic site, which is likely due to differences between 

sites in weather, soil properties, and form of nutrition applied.  It is common for yields 

to be lower when lines bred for conventional conditions are grown in organic 

conditions (Murphy et al., 2007).  This indicates a need for further breeding and 

Figure 3.3 Resistance of bell pepper test hybrids to phytophthora blight.  

Resistance is measured as area under the disease progress curve (AUDPC), 

calculated by biweekly disease incidence ratings of inoculated plants on the 

Phytophthora Blight Farm in 2012.  The Phytophthora Blight Farm is a research 

farm in Geneva, NY used annually for field-based inoculation studies because it is 

quarantined from nearby farms, but does not have an overwintering population of 

P. capsici.  White bars indicate Cornell University inbred line parents, black bars 

indicate commercial parents, and gray bars indicate F1 hybrids.  Means followed by 

the same letter are not significantly different at P < 0.05 using Tukey’s honestly 

significant difference test. 
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selection to adapt the PR lines for organic systems.  Yields were lowest at the 2012 

Drought-stressed site, which was largely due to an increase in fruit loss through 

blossom-end rot and other fruit defects.  Blossom-end rot is often an issue when bell 

peppers are grown under stress conditions, including water stress (Silber et al., 2005).  

Notably, Pcap-NY8006-1 had much less blossom-end rot than the commercial 

cultivars, suggesting that it could be a good option for areas in which drought stress is 

common.   

The fruit size measurements reported in this study were consistent with those 

reported in the green harvest yield trial (Dunn et al., 2013), with the PR lines having 

Figure 3.4 Cumulative marketable yield of bell pepper test hybrids at the 2012 

Organic site in Freeville, NY. Yield was measured as the total number of red or 

yellow marketable fruit per 10-plant plot (10-plant plot = 20.625 ft
2
 [1 ft

2
 = 0.0929 

m
2
]; 1 fruit/10-plant plot = 0.0485 fruit/ft

2
 = 0.5219 fruit/m

2
) summed across eight 

weekly harvests. White bars indicate Cornell University inbred line parents, black 

bars indicate commercial parents, and gray bars indicate F1 hybrids.  Means 

followed by the same letter are not significantly different at P < 0.05 using Tukey’s 

honestly significant difference test. 
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smaller fruit than the commercial cultivars.  The acceptability of these smaller fruit 

will vary by market and by the importance growers place on phytophthora blight 

resistance versus fruit size.  In general, fruit size was similar at the two conventional 

sites, demonstrating that the drought stress reduced the number of fruit per plant, but 

not the size of the fruit.  In contrast, fruit tended to be much bigger at the 2012 

Organic site, which was likely related to the lower number of fruit per plant at the site.   

 The test hybrids evaluated in 2012 demonstrated the potential of using the PR 

lines as hybrid parents.  The majority of commercial bell pepper cultivars are F1 

hybrids.  Hybrids provide uniformity and the opportunity to combine different disease 

resistance traits possessed by each parent.  The disease screening results indicated that 

F1 hybrids with one of the PR lines as a parent had excellent resistance to 

phytophthora blight, even when combined with a highly susceptible commercial 

cultivar as the second parent.  This confirmed previous observations that suggested the 

resistance of the PR lines is predominantly dominant (M. Mazourek, unpublished).  

The yield evaluation also demonstrated the potential of hybrid combinations to 

increase yield and improve adaptation, as yield was greater in the hybrids than in the 

PR lines and one of the commercial parents.  For example, hybrids with the organic-

adapted ‘King of the North’ as the commercial parent performed well in organic 

conditions. 

 In conclusion, this ripe harvest trial both confirmed previous green harvest 

results and further characterized the PR lines.  The PR lines have excellent resistance 

to a New York isolate of phytophthora blight both as inbred lines and as F1 

progenitors.  Some of the PR lines, such as Pcap-NY8003-2 and Pcap-NY8006-1, 



 

64 

consistently yield numbers of fruit per plot similar to commercial cultivars with low 

incidence of sunscald and drought-related blossom-end rot.  Areas to target in future 

breeding efforts include increasing fruit size, earliness of fruit set, and speed of green-

to-red ripening.  The PR lines meet a great need for new P. capsici-resistant bell 

peppers for northeast markets.  They can be grown as inbreds for markets where 

smaller fruit size is acceptable and also have great potential to serve as hybrid parents 

to develop P. capsici-resistant hybrids for the northeast. 
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CHAPTER 4 

 

AN ACORN SQUASH (CUCURBITA PEPO SSP. OVIFERA)  

FRUIT AND SEED TRANSCRIPTOME AS A RESOURCE FOR  

THE STUDY OF FRUIT TRAITS IN CUCURBITA
3
 

 

Abstract 

Acorn squash (Cucurbita pepo) is an iconic fall vegetable in the United States, 

known for its unique fruit shape and also prized for its culinary properties. Little is 

known about the metabolism that underlies the development of fruit quality attributes 

such as color, sweetness, texture, and nutritional qualities in acorn squash, or any other 

winter squash grown worldwide.  To provide insight into winter squash fruit and seed 

development and add to the genomic resources in the Cucurbita genus, RNA 

sequencing was used to generate an acorn squash fruit and seed transcriptome from the 

cultivar Sweet REBA at critical points throughout fruit development. 141,838,600 

high-quality paired-end Illumina reads were assembled into 55,949 unigenes. 85% of 

unigenes with predicted open reading frames had homology with previously identified 

genes and over 62% could be functionally annotated. Comparison with the 

watermelon and cucumber genomes provided confirmation that the unigenes are full-

length and comprehensive, covering an average of 90% of the coding sequence of 

their homologs and 72% of the cucumber and watermelon exomes. Key candidate 

genes associated with carotenoid and carbohydrate metabolism were identified toward 

a resource for winter squash fruit quality trait dissection. This transcriptome represents 

a major advance in C. pepo genomics, providing significant new sequence information 

                                                 
3 This chapter was originally published in Horticulture Research and is re-printed with kind permission 

from Nature Publishing Group: Wyatt, L., Strickler, S., Mueller, L., and M. Mazourek. 2015. An acorn 

squash (Cucurbita pepo ssp. ovifera) fruit and seed transcriptome as a resource for the study of fruit 

traits in Cucurbita. Horticulture Research 2: 1-7. 
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and revealing the repertoire of genes expressed throughout winter squash fruit and 

seed development. Future studies on the genetic basis of fruit quality and future 

breeding efforts will be enhanced by tools and insights developed from this resource. 

 

Introduction 

Winter squash (Cucurbita spp.) is an important vegetable crop known for its 

nutritional content and long storage life.  It is eaten as a fresh market crop, processed 

to make frozen squash and canned pumpkin, and the seeds are consumed as a snack 

food and pressed for edible oil.  Winter squash is an excellent source of nutrients, 

including carotenoids, ascorbic acid, and vitamin C (Ferriol and Picó, 2008).  It is 

most notable as a source of carotenoids, primarily -carotene and lutein (Azevedo-

Meleiro and Rodriguez-Amaya, 2007), which are beneficial as a pro-vitamin A 

compound and for eye health respectively (Cazzonelli and Pogson, 2010). 

Additionally, squash seeds provide protein, lipids, tocopherols, and phytosterols 

(Idouraine et al., 1996; Murkovic et al., 2002; Yoshida et al., 2004). Seeds were likely 

one of the oldest food uses of this crop, as many of the wild accessions have bitter, 

inedible pericarps (Robinson and Decker-Walters, 1997).  Winter squash is a unique 

source of these nutrients because it can be stored and consumed for many months past 

the growing season.   

To increase the consumption of winter squash, culinary quality is a vital target 

of improvement through breeding.  Fruit quality is determined by several 

characteristics including color, nutrient content, sweetness, flavor, and texture.  Color 

and nutritional value are dually controlled by carotenoid content (Gajewski et al., 
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2008; Itle and Kabelka, 2009), with a deeper yellow or orange color and a higher 

nutrient level seen as desirable.  Sweetness is associated with sugar content, and 

higher sweetness is desirable for consumer acceptance and contributes to improved 

squash flavor (Cumarasamy et al., 2002).  Winter squash fruit texture is highly 

correlated with starch content and dry matter, with higher starch content linked to a 

superior texture (Corrigan et al., 2001; Cumarasamy et al., 2002; Hurst et al., 2006).  

These quality traits are quantitative and have a complex inheritance (Irving et al., 

1997; Lu and Li, 2008), yet are controlled by well-understood metabolic pathways.  

Understanding the genetic basis of these quality traits will allow for more insight into 

the breeding of squash for improved fruit quality. 

Cucurbita species have a small but growing number of genomic resources that 

can be employed when studying these quality traits. Other members of the 

Cucurbitaceae family, namely cucumber, watermelon, and melon, have more 

extensive genomic resources, including sequenced genomes and many molecular 

markers (Clepet et al., 2011; Diaz et al., 2011; Garcia-Mas et al., 2012; Guo et al., 

2013; Huang et al., 2009; Ren et al., 2012; Zhang et al., 2012).   Cucurbita species are 

diploid (2n = 2x = 40) and have a genome size of approximately 500 Mb 

(Arumuganathan and Earle, 1991). Their small and numerous chromosomes are a 

remnant of a polyploidy event with persisting duplications (Weeden, 1984) that 

complicates their molecular breeding.  Nevertheless, several genomic maps have been 

generated for squash (Gong et al., 2008a; Gong et al., 2008b; Zraidi et al., 2007) 

including that of Esteras et al. (2012), which was the first squash map to use single 

nucleotide polymorphism markers.  Another major source of genomic information is a 
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C. pepo transcriptome (Blanca et al., 2011), comprised of 49,610 unigenes derived 

from flower, leaf, and root tissue.  More than 60% of the unigenes were annotated, 

aiding in the potential identification of genes of interest in the squash genome. 

Furthermore, the transcriptome was used to identify more than 10,000 potential simple 

sequence repeats and single nucleotide polymorphisms that could be used to generate 

molecular markers.  In addition, a C. moschata transcriptome was sequenced from 

leaf, stem, and shoot tissue and assembled into 62,480 unigenes (Wu et al., 2014).  

Sixty-eight percent of the unigenes were annotated and almost 8,000 potential simple 

sequence repeats were identified. 

Transcriptome generation through RNA sequencing is a technology that can be 

used in the dissection of complex traits; fruit transcriptome analysis has been used to 

successfully identify transcripts involved in early fruit development of cucumber 

(Ando and Grumet, 2010; Ando et al., 2012). Assembled transcriptomes also provide 

valuable sequence resources in species lacking a sequenced genome.  However, one 

limitation of RNA-sequencing data is that it is specific to the plant line, tissue, 

developmental stage, and physiological condition sequenced. For this reason, it is 

essential to use transcriptome data relevant to the experimental question of interest.  

The first C. pepo transcriptome (Blanca et al., 2011), assembled from summer squash 

root, leaf, and flower tissue, constituted a huge advance in C. pepo genomics.  To 

study aspects of fruit quality, however, knowledge of fruit-specific genes is important. 

Fruit development and ripening is a process often associated with the expression of 

suites of genes at defined stages (Rohrmann et al., 2011; Zenoni et al., 2010). A 
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comprehensive squash fruit transcriptome must therefore sample these specific tissues 

and stages.  

To create a resource for the study of fruit ripening and development in winter 

squash, in this study we sequenced and assembled the first Cucurbita pepo fruit and 

seed transcriptome from the acorn squash cultivar Sweet REBA.  Acorn squash is a 

popular winter squash known for its unique ribbed shape.  Of the diverse squash types 

in C. pepo, the best-characterized Cucurbita species, acorn squash is the longest-

storing and has the highest fruit quality.  ‘Sweet REBA’ in particular is an inbred line 

that is agriculturally successful as a cultivar, making it an ideal candidate for 

generating a transcriptome that can both build off of the existing C. pepo knowledge 

and be directly applicable to squash breeding.  The transcriptome was generated from 

five different time points throughout fruit development and derived from both 

mesocarp and seed tissues.  The raw sequence data were assembled into 55,949 

unigenes, which were then functionally annotated and compared to the cucumber and 

watermelon genomes. In addition, putative fruit quality-related transcripts were 

identified. 

 

Materials and Methods 

Plant Material 

‘Sweet REBA,’ an acorn squash inbred cultivar (M. Jahn, Cornell University), 

was grown in the Guterman greenhouse facility at Cornell University, Ithaca, NY 

using standard horticultural practices. Flowers were manually self-pollinated and three 

representative, randomly-selected fruits per time point were collected at 5, 10, 15, 20, 
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and 40 days after pollination. Time points were selected to represent a range of squash 

fruit and seed developmental stages, including early fruit and seed development (5 and 

10 days), seed coat formation (15 and 20 days), and fruit ripening, up until the typical 

harvest date (40 days) (Loy, 2004).  Fruit mesocarp and seed tissues were dissected, 

flash frozen in liquid nitrogen, and stored at -80 °C until RNA extraction. 

RNA Extraction and Sequencing 

RNA was extracted from individual fruit and seed samples using the RNeasy 

Plant Mini Kit (Qiagen, Valencia, CA).  Equal amounts of total RNA were pooled 

together into three independent biological samples, each consisting of RNA from both 

fruit and seed tissue at all five time points.  Library preparation and sequencing were 

performed by the Genomics Core Facility, Cornell University.  The sequencing library 

was prepared using the TruSeq RNA Sample Preparation Kit v2 (Illumina, San Diego, 

CA) and paired-end reads were sequenced from the three independent samples on one 

lane of an Illumina HiSeq 2000. 

Sequence Processing and Transcriptome Assembly 

Sequencing reads were filtered by removing those flagged as low quality by 

the Illumina software, then adapter sequences and low-quality bases were trimmed 

from the end of reads using the software Trimmomatic 

(http://www.usadellab.org/cms/index.php?page=trimmomatic). Data quality was 

assessed using the program FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and all of the sequence 

data were combined for transcriptome assembly using the program Trinity (Grabherr 

et al., 2011).  The resulting unigenes were further assembled using the program 
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iAssembler (Zheng et al., 2011) and then screened using the program DeconSeq 

(Schmieder and Edwards, 2011) to remove any unigenes of bacterial, viral, or 

mammalian origin.  DeconSeq threshold values for removal were greater than or equal 

to 95% sequence identity and sequence coverage. 

Transcriptome Refinement and Analysis 

A BLAST search (Altschul et al., 1997) (July 2012) was performed to compare 

unigenes to the NCBI non-redundant protein database with a significance level of 

1.0E-6 using the blastx algorithm implemented by the program Blast2GO (Conesa et 

al., 2005).  Unigene expression estimates, measured as FPKM values, were calculated 

with the program RSEM (Li and Dewey, 2011), which aligned the raw reads to the 

assembled unigenes. Trinity (Grabherr et al., 2011) was used to identify unigenes 

containing predicted open reading frames. These results were then applied to refine the 

set of unigenes.  As described in the Trinity developers’ recommendations, the union 

of all transcripts with 1) significant homology to a known protein as determined 

through a blastx search, 2) a predicted open reading frame, and/or 3) an expression 

level, measured by the FPKM value, of greater than or equal to one were combined to 

remove likely assembly artifacts from the set of unigenes.  To reduce the unigene set 

to representative transcripts, BLAST (Altschul et al., 1997) was used to query the 

99,839 well-supported contigs against themselves.  Perl scripts were written to merge 

self-alignments into groups likely originating from the same gene model.   

Candidate coding regions within the transcripts were detected by ESTscan 

(Iseli et al., 1999) with the Arabidopsis thaliana scoring matrix.  The resulting subset 

of transcripts was screened against the SWISS-PROT and TrEMBL (Apweiler et al., 
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2013) protein databases using BLASTx with a cut-off of 1.0E-20 to assign putative 

functions to unigenes.  Predicted peptides were analyzed using InterProScan (Zdobnov 

and Apweiler, 2001)  to identify functional protein domains and assign Gene Ontology 

(GO) terms.  SWISS-PROT manual curation of GO terms was also utilized to assign 

terms (Camon et al., 2003).  Transcripts were queried against the watermelon genome 

assembly v1 coding sequence (watermelon_v1.cds) (Guo et al., 2013) and the 

cucumber genome assembly v2 coding sequence (cucumber_v2.cds) (Huang et al., 

2009) using BLASTn.  Unigenes with a resulting e-value of less than 1.0E-20 were 

considered to have a significant match.  The 55,949 fruit and seed transcripts were 

compared to the Blanca et al. (Blanca et al., 2011) root, leaf, and flower transcriptome 

by performing a reciprocal blast search of one against the other using BLASTn with a 

significance level of 1.0E-25.  Bioconductor, using the methods of Sanchez, Salicru 

and Ocana (Sanchez et al., 2007), was used to determine if there was a statistical 

difference in GO term representation between the unigenes unique to each 

transcriptome (Carlson et al.).  

 

Results and Discussion 

Transcriptome Sequencing and Assembly 

RNA was extracted from fruit mesocarp and seed tissues of self-pollinated 

‘Sweet REBA’ acorn squash fruit at 5, 10, 15, 20, and 40 days after pollination (see 

Figure 4.1). All samples were pooled to create three biological replicates of a 

comprehensive fruit and seed sequencing library and paired-end reads were sequenced 

on one lane of an Illumina HiSeq 2000, resulting in a total of 156,540,465 pairs of 100 
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base pair (bp) reads (see Table 4.1).  After removing low-quality reads and trimming 

both adapter sequences and low-quality bases from the ends of reads, 141,838,600 

paired reads remained, with an average length of 98.46 bp and an average quality  

score of 36.98, constituting a total of almost 28 Gbp of sequence (reads available in 

the NCBI Sequence Read Archive repository, run accession numbers SRR747836, 

SRR747920, SRR747922).  All sequence data were combined and assembled using 

the program Trinity (Grabherr et al., 2011) to yield 161,780 contigs.  These contigs 

were further assembled using the program iAssembler (Zheng et al., 2011), which 

resulted in a total of 150,044 contigs.  The contigs were then screened using the 

program DeconSeq (Schmieder and Edwards, 2011) to remove 2,081 bacterial and 

mammalian sequence artifacts, leaving 147,963 unigenes with an average length of 

1,311 bp.   

The unigenes were filtered to remove any sequences likely resulting from 

possible sequencing or assembly errors by only retaining unigenes that had homology 

to a known protein, a predicted open reading frame, and/or a FPKM expression  

Figure 4.1 ‘Sweet REBA’ acorn squash fruit at 5 developmental time points. 

Self-pollinated fruit were harvested at 5, 10, 15, 20, and 40 days after pollinations.  

Photos are of the interior and exterior of representative fruit at each time point. 
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Table 4.1 Summary of transcriptome sequencing data. 

 Sample 
Total number of 

paired reads 

Average read 

length 

Total sequence 

length 

Average 

quality score 

Raw reads 156,540,465 100 bp 31,308,093,000 bp 34.78 

High-quality 

reads 
141,838,600 98.5 bp 27,929,628,643 bp 36.98 

 

estimate value of one or more.  There were 83,221 unigenes with homology to a 

known protein, 57,598 with a predicted open reading frame, and 52,374 with an 

FPKM expression estimate value of greater than or equal to one.  These overlapping 

subsets of unigenes were combined into a set of 99,839 unigenes, which were then 

clustered using self-BLAST to group alternatively-spliced transcripts originating from 

the same gene.  An identity of 99.9% was determined to be the optimal value for 

merging transcripts likely transcribed from the same gene without merging putative 

paralogous genes.  The longest unigene was chosen to represent each cluster in the 

final transcriptome, resulting in a total of 55,949 unigenes. (This Transcriptome 

Shotgun Assembly project has been deposited at DDBJ/EMBL/GenBank under the 

accession GBZI00000000. The version described in this chapter is the first version, 

GBZI01000000.) 

Transcriptome Analysis, Annotation, and Functional Characterization 

The final transcriptome consisted of 55,949 unigenes.  The unigenes ranged in 

length from 201 bp to 17,024 bp, with an average length of 1,315 bp, a median length 

of 876 bp, and a total sequence length of 73,559,618 bp.  The high average and 

median unigene lengths suggested that we were successful in the assembly of many 

full-length transcripts, although 18,561 unigenes measured 500 bp or less and were 
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likely only partial transcripts.  A BLAST search confirmed that the longest unigenes 

were homologous to known genes of similar length, indicating that they were likely 

correctly assembled.  To verify that unigenes shorter than 500 bp were indeed mainly 

partial transcripts, the unigene coverage of matches was considered.  A total of 5,921 

short unigenes had significant matches to sequences in the NCBI nr database.  Of 

these matches, the average percent of coverage of the subject sequence was 24%.  

Only 7.6% of these unigenes matched 50% or more of the best nr subject, suggesting 

that these were truncated transcripts.  With the future addition of more sequence data, 

it is likely that many of these short unigenes will be assembled together into full-

length unigenes, reducing the total number of unigenes in the transcriptome. 

A total of 41,568 unigenes were predicted to have a single open reading frame 

and 18 unigenes were split into 2 open reading frames.  This subset of unigenes was 

annotated based on homology to proteins found in SWISS-PROT and TrEMBL, with 

precedence given to SWISS-PROT annotations.  The GenBank NR and TAIR10 

databases were also queried, but results were not used in the final annotation. Of the 

four databases, the highest number of matches was found in GenBank NR (Table 4.2). 

Unigenes were translated into predicted proteins so that protein domain GO terms 

could be assigned to the predicted proteins, classifying them based on predicted 

involvement in biological processes, molecular functions, or cellular components 

(Ashburner et al., 2000).  A total of 153,563 GO terms were assigned to 63% (26,049) 

of the predicted proteins.  The number of GO terms assigned per unigene ranged from 

1 to 68 for those proteins with GO annotations, with an average of 6 GO terms per 

unigene.  These GO terms fell into three categories, with 40% assigned to biological  
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Table 4.2 Results of squash fruit and seed transcriptome annotation based on 

homology.  All unigenes with an open reading frame were blasted against four 

databases and the number of unigenes with a significant hit are reported.  Blast hits 

were filtered by e-value less than 1.0E-20. 

 

Database Number of Hits 

SWISS-PROT 22,934 (55%) 

TrEMBL 33,116 (80%) 

TAIR10 30,590 (74%) 

GenBank NR 34,794 (84%) 

 

process, 21% assigned to molecular function, and 39% assigned to cellular  

component.  A range of biological processes were represented, with large numbers of 

unigenes assigned to categories relevant to fruit and seed development, such as “seed 

development,” “embryo development,” “regulation of developmental process,” 

“macromolecule metabolic process,” “biosynthetic process,” “developmental growth,” 

and “multicellular organismal development”.   

Analysis of Alternative Splicing 

Approximately 44% of unigenes were collapsed by self-blast while other 

overlap-based means of collapsing failed, suggesting that the variants may be 

alternative isoforms or mis-assemblies.  To assess the structure of collapsed unigenes, 

the clusters were further analyzed; the average number of members in a cluster was 

2.5 ± 6.8, ranging from 1 member to 200 members.  The clusters with the largest 

number of constituents were predicted to be DNA glycosylase and MYB genes.  Both 

of these classes of genes are known to undergo alternative splicing (Li et al., 2006; 

Murphy and Gao, 2001), further reinforcing the notion that the isoforms identified 
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were alternatively spliced transcripts and supporting our designation of these as such 

and their subsequent representation by the longest contig in each cluster.    

Comparison With Cucumber and Watermelon Genomes 

A total of 31,307 unigenes had significant hits to 18,381 cucumber coding 

sequences, representing approximately 72% of the predicted cucumber coding 

sequences.  The average coding sequence coverage by the homologous unigene was 

90% for cucumber coding sequence with hits.  A total of 4,573 unigenes with matches 

to a cucumber coding sequence were shorter than 500 base pairs and 4,351 of these 

covered less than 90% of their respective match, suggesting that these unigenes are 

likely partial transcripts. Similarly, 33,588 unigenes significantly matched 16,903 

watermelon coding sequences, representing 72% of the watermelon predicted coding 

sequences.  The average coverage of watermelon coding sequence by squash matches 

was 91%.  A total of 4,868 out of 5,110 unigenes shorter than 500 bp had significant 

matches that covered less than 90% of their respective watermelon coding sequence 

match.  Overall, these comparisons indicated that the majority of our unigenes were 

fully assembled, with the exception of those shorter than 500 bp, and that the 

transcriptome as a whole was comprehensive. 

Comparison With Root, Leaf, and Flower C. pepo Transcriptome 

The C. pepo fruit transcriptome was compared with the previously published 

C. pepo transcriptome sequenced from root, leaf, and flower tissue (Blanca et al., 

2011).  The root, leaf, and flower transcriptome was assembled from sequences 

derived from a scallop-type and a zucchini-type squash and consisted of 49,610 

unigenes with an average length of 626 bp (Blanca et al., 2011).  The fruit and seed 



 

82 

transcriptome had a similar number of unigenes as the previous transcriptome, though 

it had a longer average unigene length.  The greater sequencing depth of the fruit and 

seed transcriptome allowed by the use of Illumina sequencing technology may have 

enabled the assembly of more full-length transcripts. 

To more closely compare the two C. pepo transcriptomes, we conducted a 

reciprocal BLAST search (Altschul et al., 1997) in which each transcriptome was 

compared to the other transcriptome using the blastn algorithm with a significance 

threshold of 1.0E-25 (see Table 4.3).  When the root, leaf, and flower transcriptome 

was compared to the fruit and seed transcriptome, 96% (47,433) of the root, leaf, and 

flower unigenes were significantly similar to one or more of the unigenes in the fruit 

and seed transcriptome, with 4% not significantly similar.  The matches corresponded 

to 22,749 fruit and seed unigenes, suggesting redundancy in the root, leaf, and flower 

transcriptome.  From the reciprocal BLAST search, we found that 61% (33,988) of the 

fruit and seed unigenes were significantly similar to one or more of the unigenes in the 

root, leaf, and flower transcriptome, with 39% not significantly similar.  These 

matches were to 22,812 of the root, leaf, and flower transcripts.  Additionally, 19,831  

Table 4.3 Comparison of fruit and seed transcriptome with root, leaf, and flower 

transcriptome. A reciprocal BLAST search was conducted to compare the two C. 

pepo transcriptomes.  Each transcriptome was compared to a database created from the 

other transcriptome using the blastn algorithm with a significance threshold of 1.0E-

25. 

 

Transcriptome 

Unigenes with no significant 

similarity to other 

transcriptome 

Unigenes with significant 

similarity to other 

transcriptome 

Fruit and seed 21,961 (39%) 33,988 (61%) 

Root, leaf, and 

flower 
2,177 (4%) 47,433 (96%) 
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unigenes had the same reciprocal match in both blast results, suggesting these could be 

orthologous unigenes between zucchini and acorn squash.  

To characterize the unique sequences in the fruit and seed transcriptome, their 

matches in the SWISS-PROT, TrEMBL, nr, and TAIR10 sequence databases were 

assessed (e-value 1.0E-20).  Of the unique fruit and seed unigenes, 53% (11,671) had 

a predicted open reading frame and 38% (8,315) had significant similarity to 

previously identified sequences.  Therefore, our transcriptome sequencing identified 

more than 8,000 novel unigenes in the fruit and seed transcriptome that had not been 

previously sequenced in the species.  To examine gene enrichment in the two datasets, 

GO terms for the root, leaf, and flower transcriptome were obtained from Blanca et al. 

(2011).  A total of 606 unique root, leaf, and flower unigenes and 5,437 unique fruit 

and seed unigenes had at least one associated GO term.  Statistically significant 

differences between the GO terms represented in the two samples were found for the 

level 2 biological process, molecular function, and cellular component groups 

(p<0.05).  The unique fruit and seed unigenes were enriched for development-related 

GO terms, as was expected for the fruit and seed tissues sampled at five different 

developmental time points.  These GO terms included “cellular developmental 

process,” “anatomical structure morphogenesis,” “developmental maturation,” 

“developmental process involved in reproduction,” “seed development,” “embryo 

development,” and “cellular process involved in reproduction”, confirming that 

unigenes unique to fruit and seed development were represented in our transcriptome. 
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Identification of Fruit Quality Genes 

Several metabolic processes that are crucial for winter squash fruit quality 

occur during fruit development, including the synthesis of carotenoids, sucrose, and 

starch.  To demonstrate the future utility of this transcriptome for the study of fruit 

quality, we identified genes involved in these processes in our transcriptome.  A 

BLASTn search (Altschul et al., 1997) was conducted to query all biosynthetic genes 

known to be involved in carotenoid, sugar, and starch metabolism against the fruit and 

seed transcriptome to identify squash homologs of the genes.  Squash unigenes 

homologous to functionally characterized genes were identified for 18 genes involved 

in carotenoid synthesis, storage, and degradation (see Table 4.4), 18 genes involved in 

sucrose metabolism (see Table 4.5), and 14 genes involved in starch metabolism (see 

Table 4.6), demonstrating that this transcriptome fully captures gene expression 

related to these metabolic processes of interest. 

Structural genes known to control flux or act at pathway branch-points in 

carotenoid formation will be informative in future analyses of color and nutrient 

concentration in developing squash fruit.  The carotenoid unigenes identified include 

the gene DOXP synthase, whose product is predicted to synthesize a regulatory step of 

carotenoid biosynthesis in tomato fruit (Lois et al., 2000).  DOXP synthase is the first 

enzyme in the DOXP pathway that produces isopentenyl diphosphate, the precursor 

for carotenoids (Hirschberg, 2001).    The unigene for phytoene synthase, which 

performs the first committed step in carotenoid synthesis and has been shown to be 

rate-limiting in marigolds, canola, and tomato (Hirschberg, 2001), was also identified.   

An important branch-point in the squash carotenoid pathway involves lycopene - 
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Table 4.4 Carotenoid metabolism gene homologs found in fruit transcriptome.  

Homologs to functionally characterized carotenoid metabolism genes were identified 

in the fruit and seed transcriptome through a BLAST search.  The best candidate(s) for 

each gene are listed, identified by unigene number.   

 

Carotenoid metabolism gene C. pepo unigene homolog(s) 

β-carotene hydroxylase  CP112262 

carotenoid cleavage dioxygenase  CP134539 

carotenoid isomerase  CP040968 

DOXP reductoisomerase CP135419 

DOXP synthase CP135924, CP060201, CP060202 

ε-hydroxylase CP029795 

geranylgeranyl hydrogenase 
CP056527, CP056528, CP072215, 

CP072216 

GGPP synthase CP135982, CP031308 

IPP isomerase CP096828, CP006070, CP135789 

lycopene β-cyclase  CP073600 

lycopene ε-cyclase  CP120024 

orange gene CP135849 

phytoene desaturase  CP120142, CP120144 

phytoene synthase CP005213, CP097163 

violaxanthin de-epoxidase
z 

CP068838 

ζ-carotene desaturase  CP071571 

ζ-carotene isomerase  CP003737 

zeaxanthin epoxidase  CP041038 

zHomology found to genes annotated with only putative function. 
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Table 4.5 Sugar metabolism gene homologs found in fruit transcriptome.  

Homologs to functionally characterized simple sugar metabolism genes were 

identified in the fruit and seed transcriptome through a BLAST search.  The best 

candidate(s) for each gene are listed, identified by unigene number. 

 

Simple sugar metabolism gene C. pepo unigene homolog(s) 

acid α-galactosidase CP031132, CP041982 

acid invertase CP078022, CP039349 

alkaline α-galactosidase 
CP135438, CP082553, CP082552, 

CP097985 

fructokinase CP138498, CP138398 

galactokinase CP100962, CP100963 

galactose-1-phosphate uridyltransferase CP115252, CP115240 

hexokinase CP081918 

hexose transporter CP139122, CP032998, CP047946 

neutral invertase CP120038, CP120034, CP140685 

phosphofructokinase CP076642 

phosphoglucomutase CP124387, CP005960 

sucrose synthase CP039490, CP036200, CP033875 

sucrose transporter 
CP123643, CP123649, CP008293, 

CP009234 

sucrose-phosphate phosphatase CP033610, CP078010 

sucrose-phosphate synthase CP125836 

UDPglucose epimerase CP083217, CP083218, CP040136 

UDPglucose/galactose 

pyrophosphorylase 
CP134768 

UDPglucose pyrophosphorylase CP062357 
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Table 4.6 Starch metabolism gene homologs found in fruit transcriptome.  

Homologs to functionally characterized starch metabolism genes were identified in the 

fruit and seed transcriptome through a BLAST search.  The best candidate(s) for each 

gene are listed, identified by unigene number. 

 

Starch metabolism gene C. pepo unigene homolog(s) 

ADP-glucose pyrophosphorylase L CP101035, CP101034 

ADP-glucose pyrophosphorylase S CP126587 

α-amylase CP135677 

α-glucosidase 
CP144486, CP116493, CP116492, 

CP006281 

amyloplastidial ATP/ADP translocator 
CP098764, CP001903, CP098765, 

CP001904 

β-amylase 
CP070598, CP070601, CP070602, 

CP074740 

cell wall invertase CP052558 

debranching enzyme CP039826 

glucose phosphate transporter 
CP086414, CP081420, CP034210, 

CP034209, CP037833 

phosphoglucose isomerase CP109433 

starch phosphorylase CP033924, CP004861, CP136313 

starch synthase - granule bound 
CP118399, CP118397, CP118398, 

CP118396 

starch synthase - soluble CP113496, CP113492 

starch-branching enzyme CP033816, CP120408, CP120407 

 

cyclase and lycopene -cyclase, also identified in the transcriptome, which both 

encode enzymes that act on lycopene to direct flux towards either lutein or -carotene 

(Lu and Li, 2008), the two primary carotenoids in C. pepo (Azevedo-Meleiro and 

Rodriguez-Amaya, 2007).  Natural variation in lycopene -cyclase in maize influences 

the partition of carotenoids between the two branches of the pathway (Harjes et al., 



 

88 

2008), so these genes are also likely to impact the ratio of lutein to -carotene in 

squash.  The orange gene (Or) was also identified, which encodes an enzyme that is 

important for regulating the accumulation of carotenoids through the differentiation of 

chromoplasts and enables high levels of carotenoid accumulation in cauliflower and 

potato (Lu et al., 2006).   

The unigenes also included key genes involved in carbohydrate metabolism. 

Sucrose-phosphate synthase and sucrose-phosphate phosphatase were identified, 

which encode enzymes that act sequentially to synthesize sucrose from UDP-glucose 

and fructose 6-phosphate.  Sucrose-phosphate synthase is a regulatory step for sucrose 

biosynthesis (Huber and Huber, 1996) and its higher enzyme activity coincided with 

higher sucrose accumulation in pear (Zhang et al., 2014) and in muskmelon (Hubbard 

et al., 1989).  Starch synthesis genes identified included ADP-glucose 

pyrophosphorylase and AATPT (amyloplastidial ATP/ADP translocator).  ADP-

glucose pyrophosphorylase synthesizes ADP-glucose from glucose-1-phosphate and is 

the first committed step in starch biosynthesis (Geigenberger et al., 2004).  AATPT 

transfers ATP and ADP between the cytosol and the amyloplast, providing the ATP 

needed for starch biosynthesis (Geigenberger et al., 2004).  Also identified was a 

unigene encoding α-amylase, which is the primary enzyme in squash that breaks down 

starch, yielding simple sugars that confer sweetness (Irving et al., 1999).  Together, 

these genes form the core of hypotheses that will be tested in future comparative 

studies of winter squash quality. 
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Conclusion 

In this study, we report the first Cucurbita pepo winter squash fruit and seed 

transcriptome, with more than 141 million high-quality paired-end sequencing reads 

compiled over five developmental time points and assembled into a final 

transcriptome of 55,949 unigenes.  Approximately 85% of the unigenes with open 

reading frames shared homology with known proteins and 62% could be functionally 

annotated.   This transcriptome was compared to the cucumber and watermelon 

genomes, as well as the previously sequenced C. pepo root, leaf, and flower 

transcriptome, which confirmed that it was comprehensive, had a majority of full-

length unigenes, and contained unigenes unique to fruit and seed development.  This 

fruit and seed transcriptome represents a major contribution to C. pepo genomic 

resources, with more than 8,000 C. pepo unigenes homologous to known genes that 

are new to the sequenced exome and will be useful in future genome annotation 

efforts.  Further, the identification of likely candidates for carotenoid and carbohydrate 

metabolism genes suggests that this novel resource will enable further study of fruit 

quality and development to enhance future squash breeding efforts that seek to 

produce higher quality fruit with greater nutritional and culinary value. 
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CHAPTER 5 

 

COMPARATIVE ANALYSIS OF CUCURBITA PEPO METABOLISM 

THROUGHOUT FRUIT DEVELOPMENT  

IN ACORN SQUASH AND OILSEED PUMPKIN 

 

Abstract 

 

Winter squash can be used for consumption of both fruit mesocarp and seeds.  

Cultivars bred for fruit consumption are selected for fruit quality traits such as 

carotenoid content, percent dry matter, and percent soluble solids, while these traits 

are virtually ignored in oilseed pumpkins.  We sequenced the fruit and seed 

transcriptome of two cultivars developed for different purposes:  an acorn squash, 

‘Sweet REBA’, and an oilseed pumpkin, ‘Lady Godiva’.  Putative metabolic pathways 

were developed for carotenoid, starch, and sucrose synthesis in winter squash fruit and 

squash homologs were identified for each of the structural genes in the pathways.  

Gene expression, especially of known rate limiting and branch point genes, 

corresponded with metabolite accumulation both across development and between the 

two cultivars.  Thus, transcriptional regulation of metabolite genes is an important 

factor in winter squash fruit quality. 

 

 

Introduction 

 

Cucurbita pepo is the most genetically and morphologically diverse species 

within Cucurbita, spanning two subspecies, C. pepo ssp. pepo and C. pepo ssp. 

texana.  Market classes of C. pepo include summer squash and zucchini that are eaten 

at an immature stage, decorative gourds and pumpkins, oilseed pumpkins, and acorn 

and delicata winter squash that are consumed when ripe and have a highly refined 



 

99 

eating quality.  Often in the breeding process, certain characteristics are prioritized at 

the expense of others in each market class. This contrast is particularly pronounced 

with oilseed pumpkins, where the fruit is essentially inedible because efforts have 

focused primarily on improving seed characteristics.  These extremes in fruit 

phenotypes resulting from divergent breeding for fruit or seed consumption provide an 

excellent opportunity to study the genetic basis of fruit quality. 

Fruit quality is one of the most important breeding goals for winter squash.  

While fruit quality involves the complex interplay of flavor, texture, and appearance, 

there are three easily measured metabolites that have a major impact on quality.  First, 

carotenoids are the source of winter squash fruit color and provide some of the 

greatest nutritional benefits of eating squash.  The primary carotenoids in C. pepo are 

β-carotene and lutein (Azevedo-Meleiro and Rodriguez-Amaya, 2007; Murkovic et 

al., 2002).  Second, starch content is important for winter squash fruit texture.  Ideally 

squash have a smooth, slightly dry consistency, which is correlated with higher starch 

and dry matter content (Corrigan et al., 2001).  Two negative texture attributes, 

fibrousness and wateriness, are correlated with low starch and dry matter (Corrigan et 

al., 2001).  Third, sugar content is correlated with perceived sweetness of winter 

squash, with sucrose as the most important predictor (Corrigan et al., 2000).  

Sweetness is thought to be important for consumer acceptability and to influence 

perception of overall squash flavor, as squash flavor was positively correlated with 

perceived sweetness in taste panels (Cumarasamy et al., 2002).  Percent soluble solids, 

an efficient trait to phenotype, is also correlated with sucrose levels and perceived 
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sweetness (Harvey et al., 1997).  Therefore, by measuring carotenoids, starch, and 

sugar, it is possible to capture many of the important aspects of fruit quality. 

These three fruit quality metabolites are synthesized and accumulate in 

predictable patterns throughout fruit development.  The first stage in fruit development 

is fruit expansion, where the new fruit quickly grows to reach its maximum size 15-24 

days after pollination (DAP).  At the same time as fruit expansion, starch accumulates 

in the growing fruit, reaching maximum dry matter around 30 DAP.  At this time, 

sugars start to accumulate, and eventually, especially after harvest, starch is degraded 

and sugars continue to accumulate (Irving et al., 1997; Loy, 2004).  Carotenoids also 

steadily accumulate after 30 DAP and in storage (Harvey et al., 1997; Zhang et al., 

2014). 

Transcriptome sequencing can provide valuable insight into the gene 

expression underlying developmental changes during fruit development.  It has been 

used to study fruit development and metabolite accumulation in pepper (Liu et al., 

2013; Martinez-Lopez et al., 2014), grape (Degu et al., 2014), banana (Asif et al., 

2014), and more.  Such studies have successfully captured the expression of metabolic 

genes involved in the biosynthesis of the metabolites of interest.  This technique is 

especially useful in squash (2n = 2x = 40), because a genome sequence is not yet 

available for its 500 Mb genome (Arumuganathan and Earle, 1991).  Previous squash 

transcriptome studies have included analyses of summer squash (C. pepo) root, leaf, 

and flower tissue (Blanca et al., 2011), C. moschata leaf, stem, and shoot tissue (Wu et 

al., 2014), and acorn squash (C. pepo) fruit and seed tissue (Wyatt et al., 2015).  No 
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study to date, however, has used transcriptome sequencing to look at differential gene 

expression throughout winter squash fruit development. 

In this study, we describe comparative transcriptome sequencing throughout 

fruit development of two winter squash bred for different purposes.  The first cultivar 

we sequenced was bred for consumption of the fruit mesocarp:  ‘Sweet REBA’.  

‘Sweet REBA’ is an inbred acorn squash cultivar whose fruit and seed transcriptome 

has been sequenced (Wyatt et al., 2015).  We also sequenced ‘Lady Godiva’, an 

oilseed pumpkin that was developed for the consumption of its hull-less seeds and 

whose mesocarp is not intended for consumption and is discarded after seed 

extraction.  These two cultivars were sampled at five developmental time points in 

order to examine how metabolic processes act throughout fruit development to create 

squash with contrasting fruit quality phenotypes. 

 

 

Materials and Methods 

Plant Material  

‘Sweet REBA’ acorn squash and an inbred line derived from the OP oilseed 

pumpkin ‘Lady Godiva’ were grown at the Homer C. Thompson Vegetable Research 

Farm (Freeville, NY) in summer 2012 using standard horticultural practices.  Flowers 

were manually self-pollinated and mesocarp and seed tissue were collected from fruits 

at 5, 10, 15, 20, and 40 DAP.  Mesocarp samples were taken for carotenoid, soluble 

solids, and dry matter analysis, and mesocarp and seed samples for RNA-sequencing 

were flash-frozen in liquid nitrogen and stored at -80°C.  Three biological replicates 

were collected for each genotype per time point, each consisting of two fruits. 
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Fruit Metabolite Phenotyping 

Fruit quality traits were phenotyped using mesocarp samples from the same 

fruits used for RNA sequencing.  Carotenoids were measured with high-performance 

liquid chromatography using the protocol described in Van Eck et al. (2010).  Percent 

soluble solids (degrees Brix) was determined by freezing samples, allowing them to 

thaw, and analyzing their juice using a digital refractometer.  Percent dry matter was 

calculated by drying mesocarp samples at 60°C until they reached a constant weight 

and then dividing the final weight by the starting weight. 

RNA Extraction and Sequencing 

Total RNA was extracted from mesocarp and seed samples using a Qiagen 

RNeasy Plant Mini Kit (Qiagen, Valencia, CA).  For each biological replicate, equal 

amounts of total RNA from two fruit were pooled.  The Indiana University Genomics 

Facility prepared barcoded sequencing libraries using the Illumina TruSeq Sample 

Prep Kit (Illumina, San Diego, CA) and samples were sequenced on three lanes of an 

Illumina HiSeq 2000. 

Transcriptome Assembly 

Sequence processing and initial assembly was conducted by the Indiana 

University Genomics Facility.  Trimmomatic (Bolger et al., 2014) was used to remove 

low-quality reads and trim off adapter sequences.  Reads were then normalized using 

the in silico normalization utility in Trinity (Grabherr et al., 2011) and assembled 

using Velvet (Zerbino and Birney, 2008) and Oases (Schulz et al., 2012).  The longest 

isotig was chosen to represent each isogroup, and the resulting set of unigenes was 

combined with the published fruit and seed transcriptome (Wyatt et al., 2015) for 



 

103 

additional assembly.  The combined set of unigenes was clustered using CD-HIT (Fu 

et al., 2012) with an identity of 99%, further assembled using CAP3 (Huang and 

Madan, 1999) with an identity of 99%, and then clustered again using self-blast with 

an identity of 99%.  The longest unigene was chosen to represent each resulting cluster 

in the final transcriptome.   

Transcription Annotation and Analysis 

For the unigenes derived from the published fruit and seed transcriptome, 

annotations were obtained from the published data set (Wyatt et al., 2015).  The 

unigenes from the new fruit and seed sequence data were annotated using ISGA 

(Hemmerich et al., 2010) to run BLASTx (Altschul et al., 1997) against the NCBI 

non-redundant protein database and to run BLAST2GO (Conesa et al., 2005) to assign 

GO terms. The unigenes created by further assembly of unigenes from the two sets 

were annotated by BLASTx against the SWISS-PROT and TrEMBL databases 

(Apweiler et al., 2013), keeping hits with an e-value less than 1.0E-20 and 

InterProScan (Zdobnov and Apweiler, 2001) was run to identify protein domains and 

assign GO terms. 

Gene expression was analyzed by mapping reads to the collapsed 

transcriptome using TopHat2 (Kim et al., 2013), filtering reads to retain only those 

with a mapping quality of more than 20, and then using Cuffdiff (Trapnell et al., 2012) 

to calculate FPKM (fragments per kilobase of exon per million reads mapped) values 

and identify differentially expressed genes.  Carotenoid, sugar, and starch metabolic 

gene homologs were identified based on their annotations and using BLAST (Altschul 
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et al., 1997).  FPKM values were log transformed using log2+1 and plotted using the 

R heatmap.2 function in the gplots package (Warnes et al., 2015).  

 

Results 

Fruit Metabolite Phenotypes 

Self-pollinated fruits were collected from the inbred acorn squash cultivar 

‘Sweet REBA’ and an inbred line derived from the OP oilseed pumpkin ‘Lady 

Godiva’ at 5, 10, 15, 20, and 40 DAP (Figure 5.1) and mesocarp tissue was analyzed 

to determine the concentration of important fruit quality metabolites at each time 

point.  The two primary carotenoids detected in the mesocarp were lutein and β-

carotene.  The lutein content of ‘Lady Godiva’ was much higher than ‘Sweet REBA’, 

with more than 5 g/g fresh weight by 40 DAP (Figure 5.2a).  Conversely, ‘Sweet 

REBA’ accumulated approximately twice as much β-carotene as ‘Lady Godiva’ 

(Figure 5.2b).  Overall, ‘Lady Godiva’ accumulated a greater amount of carotenoids.   

In contrast, ‘Sweet REBA’ had higher sugar, measured as percent soluble solids, 

Figure 5.1 ‘Lady Godiva’ oilseed pumpkin and ‘Sweet REBA’ acorn squash at 

five developmental time points.  Self-pollinated fruit were harvested at 5, 10, 15, 

20, and 40 days after pollination.  Photos are of the interior and exterior of 

representative fruit at each time point. 
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at all five developmental time points (Figure 5.3a).  Both cultivars had soluble solids 

that ranged between 4-6% for the first 20 days of fruit development, but then by 40 

DAP, ‘Sweet REBA’ had more than 9% soluble solids while ‘Lady Godiva’ stayed 

near 6%.  A similar pattern was seen in starch levels, measured as percent dry matter 

Figure 5.2 Carotenoid concentrations of ‘Sweet REBA’ and ‘Lady Godiva’ 

squash throughout fruit development.  Self-pollinated fruit were collected at 5, 

10, 15, 20, and 40 days after pollination. All measurements were performed on 

fruit mesocarp and are averages of six fruit. Error bars indicate the standard 

deviation. Lutein (a) and β-carotene (b), measured using HPLC. 
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(Figure 5.3b).  ‘Sweet REBA’ had a higher dry matter at all time points, with an 

especially large contrast with ‘Lady Godiva’ by 40 DAP. 

 

 

Figure 5.3 Percent soluble solids and percent dry matter of ‘Sweet REBA’ and 

‘Lady Godiva’ squash throughout fruit development.  Self-pollinated fruit were 

collected at 5, 10, 15, 20, and 40 days after pollination. All measurements were 

performed on fruit mesocarp and are averages of six fruit. Error bars indicate the 

standard deviation. Percent soluble solids (a), measured using a refractometer. 

Percent dry matter (b), measured through comparison of wet and dry weights.  
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Transcriptome Sequencing and Assembly 

RNA was extracted from the mesocarp samples used for phenotypic analysis, 

as well as from the seeds of the same fruit.  Three biological replicates each were 

sequenced for both mesocarp and seed tissue of each genotype at each of the five 

developmental time points.  Each biological replicate was made up of pooled RNA 

from two fruits.  Barcoded RNA-seq libraries were sequenced on three lanes of an 

Illumina HiSeq 2000.  Using Velvet (Zerbino and Birney, 2008) and Oases (Schulz et 

al., 2012), the combined set of all the reads was assembled into 159,714 isotigs, and 

then the longest isotig was chosen to represent each isogroup, yielding 51,978 

unigenes.  These were combined with 55,949 acorn squash fruit and seed unigenes 

from Wyatt et al. (2015) to create a comprehensive C. pepo fruit and seed 

transcriptome.  The 107,927 combined unigenes were clustered using CD-HIT (Fu et 

al., 2012), reducing the number slightly to 107,848.  Some of the unigenes from the 

two sets were then found to overlap and were assembled together with CAP3 (Huang 

and Madan, 1999) to yield 94,535 unigenes.  These were clustered using self-blast 

with an identity threshold of 99% to group transcripts derived from the same gene.  

The longest unigene was chosen to represent each cluster, resulting in a total of 68,646 

unigenes in the transcriptome with an average unigene length of 1411 base pairs. 

Metabolite Pathway Analysis 

Proposed pathways for carotenoid, starch, and sugar biosynthesis during winter 

squash fruit development were assembled from the literature and one or more 

homologs for all of the structural genes involved were identified using annotation data 

and BLAST.  For instances where multiple homologs were identified, the homolog 
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that was the best fit for our proposed biosynthetic pathway and most consistent with 

the observed phenotypic differences between the two cultivars was selected (Figures 

5.4-5.6).   

Homologs were found for all genes in the well-characterized carotenoid 

pathway (Cazzonelli and Pogson, 2010; Hirschberg, 2001; Lu and Li, 2008).  Most of 

the genes were either more highly expressed in ‘Lady Godiva’ or had approximately 

equal expression levels in the two cultivars (Figure 5.4).  Three exceptions were 

lycopene β-cyclase, ε-hydroxylase, and violaxanthin de-epoxidase, which were more 

highly expressed in ‘Sweet REBA’.  In both cultivars, GGPP synthase, phytoene 

synthase, and carotenoid cleavage dioxygenase were more highly expressed than the 

other genes in the pathway, with FPKM values exceeding 200, while the other genes 

averaged an overall FPKM of approximately 25.  In addition, many genes in the 

pathway were significantly differentially expressed between ‘Sweet REBA’ and ‘Lady 

Godiva’ at most time points through fruit development, including DOXP synthase, 4-

hydroxy-3-methylbut-2-enyl diphosphate reductase, GGPP synthase, phytoene 

synthase, lycopene β-cyclase, lycopene ε-cyclase, β-carotene hydroxylase, and 

zeaxanthin epoxidase. 

A putative starch biosynthesis pathway for winter squash fruit was assembled 

from the literature (Dai et al., 2011; Irving et al., 1997; Keeling and Myers, 2010; 

Tjaden et al., 1998; Weber, 2004).  Imported sugars stachyose, raffinose, sucrose, 

galactose, glucose, and fructose (Richardson et al., 1982) are converted into glucose-6-

P, which is imported into the amyloplast and used to synthesize starch.  Homologs 

were found for all of the genes in our proposed pathway and in ‘Sweet REBA’, most   



 

109 

Figure 5.4 Carotenoid metabolism and associated gene expression.  Proposed 

pathway of carotenoid metabolism in developing winter squash fruit, as derived 

from the literature (Cazzonelli and Pogson, 2010; Hirschberg, 2001; Lu and Li, 

2008).  For each step, gene expression throughout fruit development is displayed 

for the best candidate homolog in our fruit and seed transcriptome.  Gene 

expression is displayed as heat maps depicting the log2+1 transformation of FPKM 

(fragments per kilobase of exon per million reads mapped) values for ‘Sweet 

REBA’ (top heat map) and ‘Lady Godiva’ (bottom heat map) at 5, 10, 15, 20, and 

40 DAP (days after pollination).  Pathway genes, abbreviations, and best candidates 

are as follows:  DOXP synthase, DXS, CP224205; DOXP reductoisomerase, DXR, 

CP250482; 4-hydroxy-3-methylbut-2-enyl diphosphate reductase, HDR, 

CP106522; IPP isomerase, IPI, CP135789; GGPP synthase, GGPS, CP135982; 

phytoene synthase, PSY, CP300096; phytoene desaturase, PDS, CP120144; z-

carotene isomerase, Z-ISO, CP003737; z-carotene desaturase, ZDS, CP071571; 

carotenoid isomerase, CRTISO, CP249153; lycopene β-cyclase, LYC-B, 

CP073600; lycopene ε-cyclase, LYC-E, CP225081; ε-hydroxylase, EOH, 

CP210319; β-carotene hydroxylase, BOH, CP206844; zeaxanthin epoxidase, ZEP, 

CP302825; violaxanthin de-epoxidase, VDE, CP300361; carotenoid cleavage 

dioxygenase, CCD, CP134539.  Metabolite abbreviations and names are as 

follows:  GAP, glyceraldehyde-3-phosphate; DOXP, 1-deoxyxylulose 5-phosphate; 

MEP, 2-C-methyl-D-erythritol 4-phosphate; IPP, isopentenyl diphosphate; 

DMAPP, dimethylallyl diphosphate; GGPP, geranylgeranyl diphosphate. 
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Figure 5.5 Starch biosynthesis and associated gene expression.  Proposed 

pathway of starch biosynthesis in developing winter squash fruit, as derived from 

the literature (Dai et al., 2011; Irving et al., 1997; Keeling and Myers, 2010; Tjaden 

et al., 1998; Weber, 2004).  For each step, gene expression throughout fruit 

development is displayed for the best candidate homolog in our fruit and seed 

transcriptome.  Gene expression is displayed as heat maps depicting the log2+1 

transformation of FPKM (fragments per kilobase of exon per million reads 

mapped) values for ‘Sweet REBA’ (top heat map) and ‘Lady Godiva’ (bottom heat 

map) at 5, 10, 15, 20, and 40 DAP (days after pollination). 

Metabolites in bold are those imported into the fruit (Richardson et al., 1982).  

Pathway genes, abbreviations, and best candidates are as follows:  acid α-

galactosidase, AAG, CP041982; alkaline α-galactosidase, NAG, CP135438; 

galactokinase, GK, CP100962; UDP-glucose/galactose pyrophosphorylase, UGGP, 

CP134768; UDP-glucose epimerase, UGE, CP083218; acid invertase, AIN, 

CP208640; neutral invertase, NIN, CP203652; sucrose synthase, SUS, CP207904; 

hexokinase, HK, CP206102; fructokinase, FK, CP305181; phosphoglucose 

isomerase, PG, CP248045; UDP-glucose pyrophosphorylase, UGPase, CP304876; 

phosphoglucomutase-cytoplasmic, PGM, CP005960; glucose phosphate 

transporter, GPT, CP081420; amyloplastidial ATP/ADP translocator, AATP, 

CP251332; phosphoglucomutase-plastidic, PGM, CP111033; ADP-glucose 

pyrophosphorylase, AGPase, CP101034 (large subunit, top heat map), CP212743 

(small subunit, bottom heatmap); soluble starch synthase, SS, CP113492; granule-

bound starch synthase, GBSS, CP202177; starch-branching enzyme, SBE, 

CP304556; debranching enzyme, DBE, CP066452; starch phosphorylase, SP, 

CP306266. 
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Figure 5.6 Sucrose biosynthesis and associated gene expression.  Proposed 

pathway of starch breakdown and sucrose biosynthesis in developing winter squash 

fruit, as derived from the literature (Irving et al., 1999; Keeling and Myers, 2010; 

Malone et al., 2006; Sharkey et al., 2004; Smith, 2012).  For each step, gene 

expression throughout fruit development is displayed for the best candidate 

homolog in our fruit and seed transcriptome.  Gene expression is displayed as heat 

maps depicting the log2+1 transformation of FPKM (fragments per kilobase of 

exon per million reads mapped) values for ‘Sweet REBA’ (top heat map) and 

‘Lady Godiva’ (bottom heat map) at 5, 10, 15, 20, and 40 DAP (days after 

pollination).  Pathway genes, abbreviations, and best candidates are as follows:  α-

amylase, AMY, CP111961; β-amylase, BAM, CP304060; debranching enzyme, 

DBE, CP302373; α-glucosidase, α-glucosidase, CP200748; starch phosphorylase, 

SP, CP306266; phosphoglucomutase-plastidic, PGM, CP111033; glucose-

phosphate transporter, GPT, CP081420; MEX1, MEX1, CP201523; plastidic 

glucose transporter, GLT, CP235746; hexokinase, HK, CP206102; 

phosphoglucomutase-cytoplasmic, PGM, CP005960; UDP-glucose 

pyrophosphorylase, UGPase, CP304876; phosphoglucose isomerase, PG, 

CP248045; sucrose-phosphate synthase, SPS, CP125836; sucrose-phosphate 

phosphatase, SPP, CP033610. 
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of the genes were expressed at a level equal to or higher than in ‘Lady Godiva’ (Figure 

5.5).  Three exceptions were alkaline α-galactosidase, sucrose synthase, and granule-

bound starch synthase, which were more highly expressed in ‘Lady Godiva’.  Three 

genes with much higher expression than the others in both cultivars were ADP-

glucose pyrophosphorylase, starch-branching enzyme, and starch phosphorylase.  

Starch-branching enzyme in particular had an average FPKM value of more than 

1800, which was more than 6-fold higher than the overall average of all of the starch 

biosynthesis genes.  Several genes were differentially expressed between the two 

cultivars:  acid α-galactosidase, alkaline α-galactosidase, UDP-glucose epimerase, 

glucose phosphate transporter, and the large subunit of ADP-glucose 

pyrophosphorylase. 

After squash reach a maximum dry weight, starch is hydrolyzed over the 

remainder of fruit development and storage and the resulting sugars are used to 

synthesize sucrose.  We assembled a putative pathway for this process from the 

literature (Irving et al., 1999; Keeling and Myers, 2010; Malone et al., 2006; Sharkey 

et al., 2004; Smith, 2012) and found homologs in our fruit and seed transcriptome for 

all of the genes involved.  As with the proposed starch synthesis pathway, most of the 

genes in the sucrose synthesis pathway were either more highly expressed in ‘Sweet 

REBA’ or were equally expressed in both cultivars (Figure 5.6).  The only exception 

was the plastidic glucose transporter, which was more highly expressed in ‘Lady 

Godiva’.  Starch phosphorylase, as in the starch biosynthesis pathway, was very highly 

expressed in both cultivars.  Six of the genes involved in starch breakdown and 

sucrose synthesis were differentially expressed at four or five of the five 



 

116 

developmental time points:  α-amylase, α-glucosidase, glucose phosphate transporter, 

MEX1, sucrose-phosphate synthase, and sucrose-phosphate phosphatase. 

 

Discussion 

C. pepo Fruit and Seed Transcriptome 

In this study, we successfully sequenced and assembled new transcriptome 

data from C. pepo fruit and seeds throughout development.  Our updated fruit and seed 

transcriptome now contains data from the oilseed pumpkin ‘Lady Godiva’ and has 

more full-length unigenes created by assembling partial unigenes from the new data 

set with partial unigenes from the first fruit and seed transcriptome (Wyatt et al., 

2015).  This updated transcriptome has a greater number of unigenes than the two 

published C. pepo transcriptomes, which could be due to an inability to collapse the 

different alleles sequenced from the two genotypes for some genes.  When the in-

progress C. pepo genome sequencing effort is completed, use of the genome will 

enable us reduce the number of unigenes to accurately reflect the number of genetic 

loci, removing redundancy.  Based on our identification of homologs of all the 

metabolic genes of interest, the transcriptome successfully captured gene expression 

throughout winter squash fruit and seed development. 

Fruit Metabolite Phenotypes 

Our phenotypic analysis revealed the expected differences in the fruit quality 

metabolites of ‘Sweet REBA’ and ‘Lady Godiva’, which were bred for different 

purposes.  The two primary carotenoids detected were lutein and β-carotene, as found 

in previous C. pepo carotenoid analyses (Azevedo-Meleiro and Rodriguez-Amaya, 
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2007; Itle and Kabelka, 2009; Murkovic et al., 2002; Obrero et al., 2013).  The 

increase in carotenoid levels over fruit development was also found in studies of 

carotenoid accumulation in C. pepo (Obrero et al., 2013) and C. moschata and C. 

maxima (Nakkanong et al., 2012a).  The final lutein and β-carotene concentration in 

our two cultivars was within the range reported for C. pepo in the literature:  0-23 ug/g 

β-carotene and 0-10 ug/g lutein (Azevedo-Meleiro and Rodriguez-Amaya, 2007; Itle 

and Kabelka, 2009; Murkovic et al., 2002).  We were surprised to find that ‘Lady 

Godiva’ accumulated more total carotenoids than ‘Sweet REBA’ since the flesh of this 

fruit is not consumed, but it is still well within the range of normal variation for C. 

pepo.   The higher carotenoid levels of ‘Lady Godiva’ could be a pleiotropic effect of 

selecting for dark green seed and seed oil color, traits that are prized in oilseed 

pumpkins. 

The two carbohydrate metabolite analyses we conducted revealed differences 

in fruit quality traits between the two cultivars.  ‘Sweet REBA,’ which was bred for 

consumption of fruit mesocarp, had a higher percent dry matter and percent soluble 

solids than ‘Lady Godiva’, which was selected for seed traits.  Dry matter generally 

increased over fruit development, with a slight dip at 10 DAP, which is during a 

period of rapid fruit expansion.  This increase in dry matter and starch content over 

fruit development is consistent with previous studies of starch accumulation in winter 

squash (Culpepper and Moon, 1945; Harvey et al., 1997; Irving et al., 1997; 

Nakkanong et al., 2012b), and the higher dry matter in ‘Sweet REBA’ underlies its 

smoother texture.  The percent soluble solids measured across fruit development is 

also in line with previous studies, in which soluble solids generally stayed at a low 
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level and then started increasing around 40 DAP (Culpepper and Moon, 1945; Harvey 

et al., 1997; Irving et al., 1997).   

Comparative Gene Expression in the Carotenoid Pathway 

Carotenoid structural gene expression levels corresponded with carotenoid 

accumulation observed across fruit development.  This pattern is shared in other 

cucurbits, as reported in summer squash (Obrero et al., 2013) and watermelon (Grassi 

et al., 2013).  ‘Lady Godiva’ had both higher total carotenoid concentration and higher 

expression of carotenoid biosynthesis genes, with eight out of the sixteen genes 

significantly differentially expressed at most or all of the time points sampled.  This 

correlation between carotenoid gene expression and levels of carotenoid accumulation 

has also been observed when comparing both between cultivars of summer squash and 

between different fruit tissues within a cultivar (Obrero et al., 2013), between C. 

moschata and C. maxima (Nakkanong et al., 2012a), and between watermelon 

cultivars with different fruit flesh colors (Kang et al., 2010; Lv et al., 2015).  Taken 

together, these patterns suggest that transcriptional regulation is an important 

determinant of carotenoid accumulation in C. pepo winter squash, as it is in other 

squash market classes and other species (Kang et al., 2010; Lv et al., 2015; Obrero et 

al., 2013). 

The differential carotenoid gene expression between ‘Lady Godiva’ and 

‘Sweet REBA’ was especially pronounced for the genes known in other species to be 

important determinants of carotenoid synthesis and degradation.  DOXP synthase, 

which is the first enzyme in the DOXP pathway that produces the precursors for 

carotenoids, is predicted to be a regulatory step for carotenoid synthesis in tomatoes 
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(Lois et al., 2000).  DOXP synthase had up to a 3.7-fold higher expression in ‘Lady 

Godiva’, especially later in fruit development when carotenoids were accumulating to 

higher concentrations.  Differential expression was also seen for GGPP synthase.  

Another important step in carotenoid synthesis is phytoene synthase, which is a rate-

limiting step in the carotenoid biosynthetic pathway in marigolds, canola, and tomato 

(Hirschberg, 2001).  Phytoene synthase was more highly expressed in ‘Lady Godiva’, 

with 3.5-fold higher expression at 40 DAP, similar to what was observed in summer 

squash, where phytoene synthase was much more highly expressed in an orange flesh 

cultivar as compared to a white flesh cultivar (Obrero et al., 2013) and in C. maxima, 

which had a higher carotenoid concentration and also higher phytoene synthase 

expression than C. moschata (Nakkanong et al., 2012a).  Phytoene synthase has also 

been suggested to be a central enzyme in controlling carotenoid concentration in 

watermelon (Guo et al., 2011).  Finally, carotenoid breakdown is also an important 

determinant of carotenoid levels in fruit tissue.  Carotenoid cleavage dioxygenases 

were not differentially expressed in the two cultivars, and thus likely did not influence 

their differential carotenoid concentrations. 

From lycopene, either both lycopene ε-cyclase and lycopene β-cyclase can act 

to make α-carotene, which is then converted to lutein, or solely lycopene β-cyclase can 

act to make β-carotene.  In maize, natural variation in lycopene ε-cyclase influences 

the division of the carotenoid flux through the two branches of the pathway (Harjes et 

al., 2008).  In our study, the higher expression of lycopene β-cyclase in ‘Sweet REBA’ 

is consistent with its higher accumulation of β-carotene and the higher expression of 
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lycopene ε-cyclase in ‘Lady Godiva’ is consistent with its higher accumulation of 

lutein. 

We observed a relatively high level of expression of β-carotene hydroxylase 

and zeaxanthin epoxidase, even though zeaxanthin and violaxanthin did not 

accumulate to appreciable levels in our squash.  This is likely explained by the high 

levels of carotenoid cleavage dioxygenase in both cultivars, which degrade 

carotenoids and could have kept the levels of zeaxanthin and violaxanthin low by 

degrading them quickly.  This phenomenon was described previously in watermelon 

(Grassi et al., 2013).   The high levels of β-carotene hydroxylase, especially in ‘Lady 

Godiva’ near the end of fruit development, could also explain why ‘Lady Godiva’ 

accumulated little β-carotene, as any β-carotene would have been made into 

zeaxanthin and quickly hydrolyzed by carotenoid cleavage dioxygenases. 

Comparative Gene Expression in the Starch Synthesis Pathway 

In early fruit development, sugars must be transported to the fruit to provide 

the precursors for metabolite biosynthesis as well as other developmental processes.  

The two primary transport sugars in squash are stachyose and raffinose.  Sucrose, 

galactose, glucose, and fructose are also transported (Richardson et al., 1982).  

Alkaline and acid α-galactosidase both act to break down stachyose and raffinose, and 

they had high expression levels early in fruit development in our study.  Similar 

patterns of enzyme activity were observed for alkaline and acid α-galactosidase in 

developing buttercup squash (Irving et al., 1997), but while that study observed a 

higher expression of alkaline α-galactosidase and hypothesized that it was the primary 

enzyme working to break down stachyose and raffinose, we observed high levels of 
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gene expression for both α-galactosidases with differential expression between the 

genotypes.   

Stachyose and raffinose are broken down into sucrose and galactose, which 

then must be converted to glucose-6-P in order to synthesize starch.  Sucrose can be 

broken down by either acid and neutral invertases or sucrose synthase.  We observed 

higher levels of invertase expression in very early fruit development and higher levels 

of sucrose synthase expression for the remainder of development.  In buttercup 

squash, invertase activity was also high for the beginning of fruit development and 

then decreased, which was suggested to provide increased osmotic potential early in 

development for the rapidly expanding fruit (Irving et al., 1997).  In the same study, 

sucrose synthase activity started high and then declined, but then increased again 

during the ripening stage.  This continued sucrose synthase activity later in fruit 

development was similar to what we observed.  Galactose is broken down by the 

sequential activity of galactokinase, UDP-glucose/galactose pyrophosphorylase, and 

UDP-glucose epimerase, which were all expressed at a high level, especially in the 

early stages of fruit development.  UDP-glucose pyrophosphorylase and 

phosphoglucomutase were also expressed at a high level, which is in accord with their 

role in synthesizing glucose-6-P, which is then imported into the amyloplast as the 

substrate for starch synthesis. 

Overall, the expression of these sugar metabolism genes was generally higher 

in ‘Sweet REBA’, which likely acted to provide the substrate needed for ‘Sweet 

REBA’ to synthesize more starch than ‘Lady Godiva’.  One exception was alkaline α-

galactosidase, which was more highly expressed in ‘Lady Godiva’ and was 
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particularly highly expressed at 5 and 10 DAP.  Because ‘Lady Godiva’ was not 

accumulating as much starch as ‘Sweet REBA’, it may have required higher levels of 

imported sugars for other developmental processes, such as cellulose synthesis.  

Sucrose synthase was more highly expressed in ‘Lady Godiva’, and could have also 

been working to supply substrate for cellulose synthesis, as previously suggested in 

winter squash (Irving et al., 1997). 

To synthesize starch, glucose-6-P and ATP must be imported to the amyloplast 

by the glucose phosphate transporter and the amyloplastidial ATP/ADP translocator 

(AATP) respectively.  AATP is a major rate-limiting enzyme for starch synthesis in 

potato (Ferreira et al., 2010; Geigenberger et al., 2004) and had a higher expression in 

‘Sweet REBA’, which could contribute to the greater starch accumulation in ‘Sweet 

REBA’.  Other important regulatory steps in potato starch synthesis are plastidic 

phosphoglucomutase, which converts glucose-6-P imported into the amyloplast into 

glucose-1-P, and ADP-glucose pyrophosphorylase, which makes ADP-glucose, the 

first committed reaction in starch synthesis (Ferreira et al., 2010; Geigenberger et al., 

2004).  Both plastidic phosphoglucomutase and the large subunit of ADP-glucose 

pyrophosphorylase had a higher expression in ‘Sweet REBA’ and in another study of 

winter squash, ADP-glucose phosphorylase was thought to be important in 

determining the level of starch accumulation (Nakkanong et al., 2012b). 

Several different enzymes work together to synthesize starch from ADP-

glucose.  Granule-bound starch synthase makes amylose, which is the un-branched 

form of starch.  Soluble starch synthase, starch branching enzyme, and debranching 

enzyme work together to synthesize amylopectin, the branched form of starch.  In C. 
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moschata as compared to C. maxima, expression of granule-bound starch synthase was 

positively correlated with amylose content (Nakkanong et al., 2012b).  We observed 

higher expression of amylose-synthesizing granule-bound starch synthase in ‘Lady 

Godiva’ and higher expression of amylopectin-synthesizing soluble starch synthase 

and starch branching enzyme in ‘Sweet REBA’, which may correspond to differential 

ratios of amylose and amylopectin in these two cultivars. 

Comparative Gene Expression in the Sucrose Synthesis Pathway 

After winter squash fruit reach full size and maximum dry matter, they shift 

from accumulating starch to degrading starch and accumulating sucrose.  During this 

shift, starch degradation genes increased in expression.  We noted a particularly large 

increase in α-amylase expression and a relatively constant level of β-amylase 

expression, similar to enzyme activity patterns observed in buttercup squash (Irving et 

al., 1999).  A similar developmental transition occurs in kiwifruit, where α-amylase 

activity increases after peak starch accumulation and soluble solid levels start to rise 

(Wegrzyn and Macrae, 1995).   In banana, which also accumulates starch and converts 

it to sugar during ripening, α-amylase activity, and then α-glucosidase and β-amylase 

activity, coincided with the onset of ripening and starch degradation (Garcia and 

Lajolo, 1988) and β-amylase activity was correlated with a decrease in starch and an 

increase in total sugars (do Nascimento et al., 2006).  These starch degradation genes 

were more highly expressed in ‘Sweet REBA’, providing more substrate for sucrose 

synthesis. 

Starch breakdown can be phosphorolytic or hydrolytic.  Hydrolytic breakdown 

via α-amylase and β-amylase was thought to be the primary method in squash due to 
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measurable α-amylase and β-amylase activity and the detection of maltose, a product 

of hydrolytic breakdown (Irving et al., 1999).  We observed high α-amylase 

expression, but also high expression of starch phosphorylase, which is responsible for 

phosphorolytic starch breakdown.  Starch phosphorylase, however, is also involved in 

starch synthesis, so because its expression was especially high during early fruit 

development, perhaps it was primarily involved in starch synthesis, leaving hydrolytic 

breakdown as the predominant starch breakdown pathway in squash. 

The products of starch breakdown are exported from the amyloplast and then 

converted into fructose-6-P and UDP-glucose, the two substrates for sucrose synthesis.  

The sugar transporters glucose-phosphate transporter and MEX1 were more highly 

expressed in ‘Sweet REBA’, indicating that more starch breakdown products may 

have been leaving the amyloplast.  In addition, some of the steps in the conversion to 

fructose-6-P and UDP-glucose were upregulated in ‘Sweet REBA’:  α-glucosidase, 

hexokinase, UDP-glucose pyrophosphorylase, and phosphoglucose isomerase.   

The final steps of sucrose synthesis are the sequential action of sucrose-

phosphate synthase and sucrose-phosphate phosphatase to yield sucrose.  The same 

final steps in starch-to-sugar conversion are seen in banana, where sucrose-phosphate 

synthase activity increases as starch is being degraded and sucrose starts to 

accumulate.  Sucrose-phosphate synthase is a major enzyme that is associated with 

sugar accumulation (Huber and Huber, 1996).  In melon, sucrose-phosphate synthase 

activity was correlated with sucrose accumulation between cultivars that accumulated 

different levels of sucrose (Hubbard et al., 1989).  The same relationship was seen in 

watermelon, in which sucrose-phosphate synthase activity was higher in cultivars that 
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accumulated more sucrose (Yativ et al., 2010) and was also differentially expressed 

across fruit development (Guo et al., 2011).  Sucrose-phosphate synthase and sucrose-

phosphate phosphatase were both significantly differentially expressed at four of the 

five developmental time points sampled, with higher expression in ‘Sweet REBA’. 

Taken together, the identification of starch and sucrose metabolic genes and 

analysis of their differential gene expression demonstrates that ‘Sweet REBA’ 

accumulates more starch because of higher expression of sugar metabolism and starch 

synthesis genes.  This higher level of stored starch, in combination with higher 

expression of starch breakdown and sucrose synthesis genes, then permits ‘Sweet 

REBA’ to accumulate more sucrose while maintaining a high level of starch. 

 

Conclusion 

In this study, we sequenced the fruit and seed transcriptome of an acorn 

squash, ‘Sweet REBA’, and an oilseed pumpkin, ‘Lady Godiva’, across fruit 

development.  These two cultivars were developed for different purposes, fruit versus 

seed consumption, and had a resulting contrast in the important fruit quality traits 

carotenoid content, percent dry matter, and percent soluble solids.  Putative metabolic 

pathways for the synthesis of carotenoids, starch, and sugar were assembled from the 

literature and expression of the structural genes of these pathways varied both across 

fruit development and between the two cultivars.  The overall trend was increased 

expression of metabolic genes during times of metabolite accumulation and in the 

cultivar that accumulated higher metabolite levels.  This demonstrates that 
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transcriptional regulation of metabolic gene expression is an important determinant of 

winter squash fruit quality. 
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CONCLUSION 

This dissertation describes genomics research and applied breeding activities 

focused on improved fruit quality and disease resistance in pepper and squash.  The 

molecular markers described in Chapter 2 are already being employed by pepper 

breeders to select for the Pun1 gene that controls pungency, thus increasing breeding 

efficiency.  The Phytophthora capsici-resistant bell pepper inbred lines reported in 

Chapter 3 have excellent disease resistance and also perform well as hybrid parents, 

meeting a current need for resistant peppers in the Northeast.  Chapters 4 and 5 

examine squash fruit quality from the genomics level, looking at the genes expressed 

in developing fruit and seed and investigating the gene expression differences 

underlying important culinary properties.  The breadth of the research undertaken 

encompasses the spectrum of approaches that are required to develop successful 

cultivars.  The applied pepper work will immediately benefit vegetable growers and 

breeders, and the more basic squash transcriptome research will provide the 

foundation for additional work to improve fruit quality. 

There are many ways to build off of the research in this dissertation to continue 

to make gains in vegetable disease resistance and fruit quality.  The study of pungency 

in pepper will benefit from additional analysis of the genetic basis of quantitative 

variation in capsaicinoid levels.  Most QTL studies of pungency have relied on 

interspecific populations, but with the advent of genotyping-by-sequencing technology 

and the completion of the pepper genome it will be possible to map QTLs in a C. 

annuum x C. annuum population.  Using the pepper genome, candidate genes can 

potentially be identified for major QTLs, resulting in a deeper understanding of the 
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regulation of capsaicinoid biosynthesis and enabling the development of molecular 

markers to use in selecting for high or low pungency levels when breeding C. annuum. 

We are currently continuing our P. capsici breeding work by making crosses to 

improve the earliness and fruit size of our P. capsici-resistant bell peppers, as well as 

transfer the resistance to a variety of other fruit types.  In addition to selecting highly 

resistant peppers with improved horticultural characteristics, this work provides the 

opportunity to examine the genetics of P. capsici resistance in our inbred lines.  By 

analyzing the distribution of resistance phenotypes in F2 populations, it will be 

possible to determine whether a major R gene or many quantitative resistance genes 

control resistance in the inbred lines.  These F2 populations can also be genotyped 

using genotyping-by-sequencing to map QTLs for resistance.  Knowledge of the 

genetic basis of resistance will inform continued breeding efforts to combine high 

levels of resistance with larger fruit and earlier ripening and will help to predict the 

durability of the resistance.   

The winter squash fruit and seed transcriptome provides an excellent resource 

for further study of fruit quality and fruit and seed development.  Beyond identifying 

the structural genes involved in fruit metabolite biosynthesis, the data set as a whole 

can be analyzed to determine which genes are differentially expressed between the 

two cultivars and across development.  Genes can also be clustered based on their 

expression patterns and clusters of genes expressed in the same patterns as the 

metabolite structural genes can be further examined.  Transcription factors can then be 

identified and any transcription factors with sequence or expression differences 

between the two cultivars can be flagged for a more in-depth analysis.  It will be 
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especially interesting to combine this gene expression analysis with association 

mapping to locate the genetic loci responsible for the observed variation in gene 

expression.   

The seed transcriptome data will enable the study of the hull-less gene and aid 

in its identification.  Preliminary work towards this objective is described in Appendix 

A.  Briefly, homologs of secondary cell wall biosynthesis genes and secondary cell 

wall-related MYB transcription factors were identified and their observed gene 

expression supports the hypothesis that the hull-less gene may be a NAC transcription 

factor acting as a tissue-specific master level regulator of secondary cell wall 

biosynthesis.  This gene expression data can now be combined with association 

mapping data from our hull-less breeding populations to identify the regions 

consistently introgressed along with the hull-less phenotype and then further select 

candidate genes within those regions. 

Overall, it will be important to continue the study of vegetable fruit quality and 

disease resistance, as these two aspects of vegetable breeding are both essential to 

support the sustainable production of vegetables and promote their increased 

consumption. 
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APPENDIX A 

 

TRANSCRIPTOMIC ANALYSIS OF THE HULL-LESS GENE IN SQUASH 

 

Hull-less Pumpkin Seeds 

Winter squash is a widely consumed vegetable crop in the United States. 

Squash was domesticated for consumption of its nutritious seeds (Robinson and 

Decker-Walters, 1997), but seeds are currently a seldom-used part of the squash fruit. 

A primary reason for the under-utilization of squash seeds is their tough, unpalatable 

seed coat. There is a major, recessive, qualitative mutation, with quantitative 

modifiers, that causes the seed coat to be greatly reduced (Stuart and Loy, 1983) and 

has great potential for increasing consumption of squash seeds.   

This mutation, known as the hull-less mutation, causes a dramatic reduction in 

the development of the seed coat. All of the layers of the seed coat are present at the 

beginning of seed coat development, but the outer layers of the seed coat do not 

undergo normal secondary cell wall development and thus have greatly reduced levels 

of lignin, cellulose, and hemicellulose (Stuart, 1981; Stuart and Loy, 1983). 

Regulation of Secondary Cell Wall Development 

The regulation of tissue-specific secondary cell wall development has been 

described in many species such as Arabidopsis, poplar, rice, and Medicago (Mitsuda et 

al., 2005; Wang et al., 2011; Zhong et al., 2010b; Zhong et al., 2011).  A group of 

NAC transcription factors act as tissue-specific master regulators, activating the same 

set of secondary-level MYB transcription factors in all tissues (Zhong et al., 2008).  

These MYBs then activate a set of secondary cell wall biosynthesis genes, which 

synthesize the cellulose, hemicellulose, and lignin of the secondary cell wall (Zhong et 
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al., 2010a).  We hypothesize that the hull-less mutation affects a NAC transcription 

factor controlling secondary cell wall development in the seed coat.  In support of this 

hypothesis, four genes involved in secondary cell wall biosynthesis were found to be 

down-regulated in seed coats of hull-less mutants (Bezold et al., 2005), indicating that 

the entire set of biosynthesis genes may be down-regulated as would be the case if the 

NAC master switch were mutated. 

Complementation Test to Compare Multiple Sources of the Hull-less Trait 

 To determine if there were one or multiple genes causing the hull-less 

phenotype in C. pepo, we conducted a complementation test combining six different 

sources of the trait (PMR Naked Seeded Pumpkin, Lady Godiva, Austria’s Finest, 

Kakai, PI 615133, and PI 531323).  These six lines were crossed to each other in all 

combinations in summer 2011 in Freeville, NY and the F1 plants were grown in 

summer 2012 in Freeville, NY.  All F1 plants displayed the hull-less phenotype, 

indicating that they all had mutations in the same major gene causing their hull-less 

phenotype.   

Squash Comparative Transcriptome Analysis 

We performed transcriptome sequencing to examine differential gene 

expression in the regulatory and biosynthetic networks underlying secondary cell wall 

biosynthesis throughout seed development and between cultivars with and without the 

hull-less mutation. Two contrasting Cucurbita pepo cultivars were used for RNA-seq 

analysis: ‘Lady Godiva,’ an oilseed pumpkin with poor eating quality, and ‘Sweet 

Reba,’ an acorn squash with high eating quality.  
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Self-pollinated fruits were collected at five time points and fruit mesocarp and 

seeds were flash-frozen in liquid nitrogen for RNA extraction.  Mesocarp and seed 

mRNA from each time point were extracted using a Qiagen RNeasy kit and sequenced 

in three biological replicates, each consisting of two pooled samples from different 

fruit. Library preparation, sequencing, and bioinformatics were performed by the 

Center for Genomics and Bioinformatics at Indiana University. An Illumina TruSeq 

Sample Prep Kit was used for library preparation and barcoded samples were 

sequenced on two lanes of an Illumina HiSeq 2000. Read quality and adapter 

trimming were performed using the software Trimmomatic (Bolger et al., 2014). The 

trimmed paired reads and singleton reads were normalized using Trinity’s in silico 

normalization utility, normalize_by_kmer_coverage.pl (Grabherr et al., 2011). 

Following normalization, Velvet (Zerbino and Birney, 2008) and Oases (Schulz et al., 

2012) were used to assemble the transcriptome and the longest unigene was chosen to 

represent each isogroup. This transcriptome was then combined with the published 

acorn squash fruit and seed transcriptome (Wyatt et al., 2015) and the resulting set of 

unigenes was clustered using CD-HIT (Fu et al., 2012), further assembled using CAP3 

(Huang and Madan, 1999) and clustered using self-blast to group alternatively-spliced 

transcripts, with the longest unigene chosen to represent each cluster in the final 

transcriptome.  After assembly, reads were mapped to the transcriptome using 

TopHat2 (Kim et al., 2013) and FPKM (fragments per kilobase of exon per million 

reads mapped) values were subsequently calculated using Cuffdiff (Trapnell et al., 

2012). Secondary cell wall biosynthesis gene homologs and candidate secondary cell 
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wall-related MYB transcription factors were identified using BLAST (Altschul et al., 

1997). 

We identified putative homologs for the four indicator genes commonly used 

to detect regulatory changes in the secondary cell wall biosynthesis pathway (Figure 

A.1):  cellulose synthase, FRA8 (involved in hemicellulose synthesis), 4-coumarate-

CoA ligase, and caffeoyl CoA O-methyltransferase (both involved in lignin synthesis).  

These all showed a dramatic decrease in expression in the hull-less cultivar Lady 

Godiva, supporting the hypothesis that the hull-less gene is a regulatory gene 

controlling secondary cell wall biosynthesis in the seed coat.  In addition, another 

hemicellulose synthesis gene (IRX9) and multiple lignin synthesis genes 

(phenylalanine ammonia-lyase, cinnamate 4-hydroxylase, caffeic acid O-

methyltransferase, and cinnamyl alcohol dehydrogenase) were also identified and 

displayed the same decrease in expression in the hull-less cultivar (Figure A.2), further 

supporting our hypothesis.  Four putative secondary cell wall-related MYB 

transcription factors were also identified (Figure A.3), which were also down-

regulated in the hull-less cultivar, which provides additional support that the hull-less 

gene is a NAC transcription factor controlling secondary cell wall development in the 

seed coat via secondary-level MYB transcription factors.  We were able to identify 80 

candidate NAC transcription factors, but there was not sufficient homology to identify 

any specific candidates.  The identification of the actual hull-less gene, aided by 

knowledge of the NACs expressed in the seed coat during development, will be an 

important topic for future study. 
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Figure A.1 Expression of secondary cell wall biosynthesis indicator genes.  

Multiple homologs were identified for secondary cell wall indicator genes. Graphs 

display the gene expression of the unigene(s) with both high expression levels and 

a higher expression in ‘Sweet REBA’.  Indicator genes homologs were identified 

for cellulose synthesis (a-b), hemicellulose synthesis (c), and lignin synthesis (d-f).  

FPKM gene expression values of both genotypes are displayed over the five 

developmental time points, averaged from three biological replicates. Error bars 

indicate the standard deviation. 
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(a) 

(b) 
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Figure A.1 (Continued) 

  

(c) 

(d) 
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Figure A.1 (Continued) 

 

(e) 

(f) 
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Figure A.2 Expression of additional secondary cell wall biosynthesis genes.  

Multiple homologs were identified for additional secondary cell wall biosynthesis 

genes.  Graphs display the gene expression of the unigene(s) with both high 

expression levels and a higher expression in ‘Sweet REBA’.  Unigenes were 

identified that are involved in both hemicellulose synthesis (a) and lignin synthesis 

(b-g).  FPKM gene expression values of both genotypes are displayed over the five 

developmental time points, averaged from three biological replicates. Error bars 

indicate the standard deviation. 
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(a) 
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Figure A.2 (Continued) 

  

(c) 

(d) 
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Figure A.2 (Continued) 

  

(e) 

(f) 



 

149 

Figure A.2 (Continued) 

  

(g) 
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Figure A.3 Expression of secondary cell wall-related MYB transcription 

factors.  Four candidate secondary cell wall-related MYB transcription factors 

were identified (a-d).  FPKM gene expression values of both genotypes are 

displayed over the five developmental time points, averaged from three biological 

replicates. Error bars indicate the standard deviation. 
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Figure A.3 (Continued) 

  

(c) 

(d) 
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APPENDIX B 

 

ANALYSIS OF SQUASH SEED FATTY ACID COMPOSITION 

 

Squash seeds are a good source of dietary fatty acids, both when eaten as a 

snack food and when pressed to create squash seed oil.  The major fatty acids in 

squash oil are oleic and linoleic acid, both of which are unsaturated.  There is a 

smaller amount of two saturated fatty acids, palmitic and stearic, as well as a very 

small amount of linolenic acid.  To maximize the health benefits of squash seeds, fatty 

acid composition is an important target for improvement through plant breeding.  To 

enable this breeding goal, it is necessary to investigate the existing variation in fatty 

acid composition of squash seeds. 

In 2010, we surveyed the fatty acid profiles of the C. pepo and C. moschata 

Plant Introduction (PI) collections from the US Department of Agriculture’s National 

Plant Germplasm System.  We phenotyped seed sent directly from the PI collection, 

sending them to the Iowa State DNA facility where they determined the percent 

composition of five major fatty acids (palmitic, stearic, oleic, linoleic, and linolenic) in 

the seed oil. 

We found that the percentages of all the main fatty acids varied substantially 

(Figures B.1 and B.2, Table B.1), but that the unsaturated fatty acids, especially 

linoleic acid, made up the majority of the seed oil.  In general, the two species had 

similar oil compositions, but C. moschata seeds tended to have a slightly higher 

percentage of saturated fatty acids than C. pepo and a corresponding lower percentage 

of oleic acid. 
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Because the PI collection seed was grown under different environmental 

conditions and stored for varying lengths of time, there was potential for these 

variables to affect the fatty acid profiles of squash seeds.  To confirm and investigate 

the phenotypic extremes of the PI collections, we selected 10 C. pepo and 10 C. 

moschata accessions that represented these phenotypic extremes, focusing mainly on 

accessions with the highest or lowest ratios of oleic to linoleic acid.  We grew these 20 

Figure B.1 Seed fatty acid composition of the C. pepo Plant Introduction 

collection.  799 C. pepo accessions were analyzed to determine the percentage of 

the total seed fatty acids comprised by each of the five major fatty acids.  The 

distribution of these percentages for the entire collection is displayed for each fatty 

acid. 
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accessions in a common environment in Freeville, NY in the summer of 2010 and 

collected self-pollinated, open-pollinated, and reciprocally cross-pollinated seed.  The 

seed collected was then sent to Iowa State for fatty acid composition analysis. 

 Our first experimental question was the degree of genetic versus environmental 

control of the seed oil fatty acid profiles.  We found that there is indeed a large amount 

of environmental control, as the extreme profiles we saw in the parents were   

Figure B.2 Seed fatty acid composition of the C. moschata Plant Introduction 

collection.  368 C. pepo accessions were analyzed to determine the percentage of 

the total seed fatty acids comprised by each of the five major fatty acids.  The 

distribution of these percentages for the entire collection is displayed for each fatty 

acid. 
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Table B.1 Seed fatty acid profiles of the C. pepo and C. moschata Plant 

Introduction collections.  799 C. pepo accessions and 368 C. moschata accessions 

were analyzed to determine the percentage of the total seed fatty acids comprised by 

each of the five major fatty acids.  The mean, maximum, and minimum percentages 

are reported for each of the fatty acids. 

 

  C. pepo C. moschata 

Fatty acid Mean Maximum Minimum Mean Maximum Minimum 

Palmitic 11.27% 21.56% 6.01% 16.88% 24.77% 8.59% 

Stearic 5.88% 9.93% 2.80% 7.69% 11.80% 3.42% 

Oleic 32.16% 54.96% 15.30% 23.51% 56.53% 8.92% 

Linoleic 50.25% 70.87% 25.92% 51.36% 65.84% 24.91% 

Linolenic 0.44% 3.85% 0.00% 0.55% 1.57% 0.26% 

 

sometimes replaced by moderate profiles or even the opposite extreme when grown in 

the new location.  Six of the twenty did still display the same extreme profile, 

suggesting that the PI collection seed we initially phenotyped for those accessions may 

have been grown in a similar environment.  Overall, the correlation between the PI 

collection seed and the common environment seed for each fatty acid ranged from       

-0.084 (linolenic acid) to 0.875 (palmitic acid) (Figure B.3) and the two saturated fatty 

acids had a higher correlation than the unsaturated fatty acids.  The lower correlation 

of the unsaturated fatty acids could potentially be due to their oxidation in the PI 

collection seed, which had been stored for varying lengths of time.  The ratio between 

oleic and linoleic acids, the two primary unsaturated fatty acids, is also known to be 

affected by temperature during the growing season in multiple species including 

sunflower (Flagella et al., 2002; Harris et al., 1978) and soybean (Gibson and Mullen, 

1996), which could explain why they are more environmentally variable.  Because 

there was such a poor correlation overall between the PI collection seed and the 
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common environment seed, we decided that the environmental variation in fatty acid 

profiles was too great to warrant further research. 

We also investigated the degree of maternal control of seed oil fatty acid 

composition by comparing the profiles of self-pollinated seed (paternal parent same as 

maternal parent), open-pollinated seed (random paternal parent), and reciprocally 

cross-pollinated seed (paternal parent of opposite extreme profile).  In all cross-

pollinated seed, the fatty acid profile was different than that of self-pollinated seed 

from the maternal parent.  In more than half of the cases, the change was in the 

direction of the paternal parent, indicating that both parents may contribute to the fatty 

acid profile of the seed.  This is logical, as the oil in squash seeds is contained in the 

embryo, which contains genetic material from both parents.  While the low number of 

replicates and genotypes investigated in this study prevents firm conclusions, it 

highlights an area for future study and suggests that self-pollinated seed should be 

used for more replicable fatty acid analysis. 
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Figure B.3 Correlation between Plant Introduction seed and common 

environment seed fatty acid profiles.  Both PI collection seed and self-pollinated 

seed produced in Freeville, NY in 2010 were analyzed for nineteen selected 

accessions to determine the percentage of the total seed fatty acids comprised by 

each of the five major fatty acids.  These percentages are plotted against each other, 

depicting the degree of correlation between the two environments for each of the 

five fatty acids. 
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APPENDIX C 

 

SUMMARY OF THE 2014 STUDENT ORGANIC SEED SYMPOSIUM 

 

 In August 2014, Cornell University’s Department of Plant Breeding and 

Genetics hosted the third annual Student Organic Seed Symposium with the support of 

faculty advisor Michael Mazourek.  The Student Organic Seed Symposium is an event 

planned by and for graduate students with the goal of bringing together graduate 

students passionate about organic and sustainable seed systems.  The 2014 symposium 

brought together 24 graduate students from around the United States, 8 distinguished 

speakers, and 12 additional participants from the seed industry for 4 days.  The theme 

of the symposium was “Regional Adaptation for Sustainable Food and Seed Systems”, 

which was highlighted by a day of tours which included visits to a local organic farm, 

a regional seed company, a local miller, and more.  Other events included 

presentations of student breeding material grown in a demonstration garden at the 

Freeville Organic Farm, oral presentations about student research projects, and meals 

featuring locally-grown ingredients (see below).  This event was made possible by the 

generous support of 14 donors (see below), who enabled our mission of bring students 

together to network, learn, and be inspired by the work of their peers.  Capitalizing on 

the congregation of so many industry experts, the 2014 Organic Seed School was held 

the day before the symposium, bringing together seven seed companies, other seed 

industry experts, students, and local growers to discuss issues surrounding the 

production of organic seed.  An optional trip to the Stone Barns Center for Food and 

Agriculture completed the event, in which students were able to tour the center and 

learn about the innovative growing practices and outreach that take place there. 
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2014 Planning Committee Members 

 

Lindsay Wyatt, Cornell University 

Dylan Wann, Texas Tech University 

Hannah Swegarden, University of Minnesota 

Jay Bost, University of Hawaii 

John Hart, USDA-ARA Tropical Agriculture Research Station 

Randi Jiménez, University of California, Davis 

 

 

Schedule of Events 

 

Sunday, August 17
th

 – Day One 

 

 2014 Organic Seed School 

 Welcome Speech by SOSS Organizing Committee  

 Welcome Dinner in Tent on Resort Grounds  

 Outdoor Social  

 

Monday, August 18
th

 – Day Two 

 Session I – “Foundations of Organic Seed“ 

o Mark Sorrells 

o E.T. Lammerts van Buren 

 Session II – “Integrated Systems“ 

o R. Ford Denison 

o Albert Culbreath 

 Visit to Freeville Organic Farm 

o Lunch and Introduction 

o Farm Tour and Faculty Talks 

o Student Introductions and Trial Plot Demonstrations 

 Dinner with Cornell Plant Breeding Department 

 

Tuesday, August 19
th

 – Day Three 

 Depart for Field Tour Day 

 Tour Kingbird Farm 

 Tour Farmer Ground Flour 

 Visit to Bejo Seeds 

o Lunch hosted by Bejo Seeds 

o Tour of Bejo Seeds Demonstration Gardens 

 Tour USDA Vegetable Germplasm Repository 

 Tour USDA Apple and Grape Germplasm Collection 

 Tour Remembrance Farm with Fruition Seeds 

 Dinner at Northstar Restaurant 
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Wednesday, August 20
th

 – Day Four 

 Session III – “Utilizing Exotic Germplasm in Breeding“ 

o Major Goodman 

o Jane Denver 

 Seed Swap 

 Student Research Presentations 

 Lunch at Park Next to Resort  

 Session IV – “Seed Solidarity“ 

o Jared Zystro 

 Planning Meeting: SOSS 2015 

 Final Remarks 

o Humberto Rios Labrada 

o Matthew Dillon 

 Closing Dinner at Park Next to Resort 

 

Thursday, August 21
st
 – Day Five 

 Visit to Stone Barns Center  

 

 

2014 Sponsors 

 

Department of Plant Breeding and Genetics, Cornell University 

Cornell University Agricultural Experiment Station 

Cornell University New York State Agricultural Experiment Station 

Cornell University Cooperative Extension 

Dr. Michael Mazourek – Cornell University 

Seed Matters 

The Ceres Trust 

The Bost Family 

Peter Meinig 

Albert Lea Seed House 

Bejo Seeds 

High Mowing Organic Seeds 

Johnny’s Selected Seeds 

Vitalis Organic Seeds 

 


