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ABSTRACT 

Aphis gossypii Glover (cotton-melon aphid) is a major pest of agriculture 

worldwide. Cucumis melo L. (melon) possesses monogenic resistance to this aphid, and 

is a good model for the study of aphid resistance mechanisms in plants. This dissertation 

presents analyses of the effects of the resistance gene on A. gossypii, and of the gene's 

effects on biochenucal and molecular-genetic properties of melon plants. 

Nearly isogenic lines (NILs) of melon, either resistant or susceptible to A. 

gossypii, were compared for their influence on aphid life history traits and feeding 

behavior. The resistance trait delayed development, increased mortality, and markedly 

decreased reproduction of aphids confined to leaves of resistant plants. Aphids on 

resistant plants salivated into phloem sieve elements sigm'ficantly longer, and were less 

likely to begin sap ingestion after salivation, suggesting that the resistance factor acts 

within phloem sieve elements. 

Biochemical properties of callose synthase were compared between NILs to test 

the hypothesis that callose deposition plays a role in the resistance mechanism. No 

differences were detected between resistant and susceptible melon genotypes with respect 

to callose synthase subunit abundance or in vitro en^me activity. 

Sixty-four Fs families from a melon mapping population were tested for aphid 

resistance to place the resistance locus on a genetic map of the melon genome. Four 

molecular markers were found to be linked to the aphid resistance phenotype. The name 
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Agr (Aphis gossypii resistance) is proposed for this locus. The closest flanking markers 

were positioned at 4.3 and 7.0 cM from Agr. 

Evidence suggests Agr might be a member of the nucleotide binding site-leucine-

rich repeat (NBS-LRR) family of plant resistance genes, which are known to cluster in 

plant genomes. Melon genomic DNA sequences homologous to this gene family were 

isolated to test the hypothesis that^gr is an NBS-LRR homolog. Two of these sequences 

were tested for genetic h'nkage to Agr in a population of Fi plants segregating for the 

resistance trait. DNA gel blot analysis determined that one sequence, NBS-2, is 

approximately 2.7 cM distant from Agr, which suggests Agr resides in a cluster of NBS-

LRR homologs and could be a member of this gene family. 
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1. APHID RESISTANCE IN MELON: 

A MODEL FOR THE STUDY OF PLANT-APHID INTERACTIONS 

APHIDS AS PESTS IN AGRICULTURE 

Aphids are small, plant sap-feeding insects that constitute several of the families 

in the Aphidoidea superfamily (Borrer et al. 1989). The group has been highly successful 

in establishing parasitic associations with a wide range of vascular plants. In temperate 

regions, approximately one in four plant species is capable of being colonized by at least 

one species of aphid (Dixon 1998). Consequently, these herbivores are major pests in 

agriculture worldwide (Harrewijn and Minks 1987). This introductory review of aphids 

and plant resistance to aphids will focus on the Aphididae, a family that consists 

primarily of phloem feeders and contributes the largest number of pest species from the 

Aphidoidea. 

Aphids can devastate crops by transmitting pathogenic plant viruses; they also 

lower yields directly by siphom'ng nutrients from the translocation stream. In many 

agricultural settings aphids are parthenogenetic. This feature, combined with rapid 

development, vivipary, and telescoping of generations, can lead to an enormous 

reproductive potential during a growing season. At high population levels, aphids 

produce copious amounts of honeydew (excreta), which serves as a medium for sooty 

mold fungi that stain harvested plant parts and reduce light absorption. In addition to 
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harming agrononuc crops, aphids cause year-round problems in greenhouse vegetable 

and ornamental production. 

Like many phloem feeding insects, aphids have demonstrated resistance to almost 

all classes of insecticide (Devonshire 1987). Insecticides can actually worsen infestations 

by killing an aphid's natural enemies. In contrast, genetic resistance to aphids may work 

compatibly, even synergistically, with biological controls such as parasitism or predation 

(Starks et al. 1972; Biswas and Singh 1998). As plant genetic resources are exploited 

with greater power and precision, aphid pest management should increasingly depend on 

host resistance as an environmentally sound alternative to non-selective chemical 

treatment. 
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APHID SPECIALIZATION FOR PHLOEM FEEDING 

Elaborate morphological and behavioral adaptations enable phloem feeders such 

as aphids to tap directly into the translocation stream within phloem tissue. These 

adaptations appear to mim'mize physiological disturbance of the host, contributing to the 

view of aphids as "perfect parasites" (Klingauf 1987). Aphids have a highly elongated 

and flexible assembly of mouthparts, collectively called stylets, that are only several 

microns wide. At the center of this structure, a food canal of approximately I ^m in 

diameter is formed by the interlocking union of the maxillary stylets. An adjacent, 

smaller canal secretes saliva into the plant during feeding. Feeding behavior begins when 

the insect penetrates epidermal and cortical layers of plant tissue with its stylets, which 

are ultimately inserted directly into sieve elements of the phloem tissue. Penetration of 

the plant body occurs intercellularly, for the most part, with stylets passing through the 

middle lamellae and cell walls. Occasionally, leaf mesophyll cells are punctured; the 

degree of cell puncturing en route to sieve elements can vary depending on the particular 

plant-insect combination. Following a pathway that is primarily intercellular is thought 

to reduce exposure to toxic chemicals sequestered in plant vacuoles, and possibly reduce 

the plant's defense response. Once the target cell is penetrated, turgor pressure in the 

sieve element allows passive uptake of sap. The vast excess of carbohydrates, compared 

to nitrogenous compounds, in the sieve element requires the insect to extract an enormous 

volume of sap, which is digested and excreted as clear drops of sugary liquid 

(hon^dew). 
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Phloem is a complex tissue composed of several highly specialized cell types. 

Phloem sieve elements, the target cells of aphids, are living conduits for the long distance 

transport of sap consisting of carbohydrates, hormones, amino acids, amides, and other 

orgam'c compounds essential for plant growth. Sieve elements are developmentally and 

physiologically related to adjacent, metabolically active compam'on cells. During 

maturation, the sieve element undergoes selective autophagy, which includes loss of the 

nucleus and ribosomes. The mature sieve element is thus dependent on its neighbonng 

compam'on cell to meet its metabolic requirements, as well as supply the carbohydrates, 

proteins and other components needed for its role in transport. The intimate association 

of the sieve element with its companion cell is reflected in the high degree of 

plasmodesmal connectivity between the two cell types (Thompson and Schulz 1999). 

Changes in cell status caused by stylet penetration of a sieve element are likely to be 

accompam'ed by changes in the status of the companion cell. 

Most aphid species are monophagous or oligophagous, which suggests a high 

level of adaptation to host species (Dixon 1998). Host selection requires a complex set of 

behaviors that may encompass attraction (by olfactory or visual cues), surface probing, 

tissue penetration, and sampling of phloem sap. Probing, defined as "short-distance and 

brief penetrations insufficient for feeding" (Klingauf 1987), is an important component of 

host acceptance. Since aphids appear to lack external taste organs, gustatory cues 

obtained durmg ingestion are thought to be essential to evaluate host plant suitability 

(Wensler 1977; Tjallingii 1994). Test probes extending only into the cuticle and 

epidermal cells represent the first chemical exchange between aphids and plants. Probe 
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frequency and duration increase when positive gustatory cues are encountered (Montllor 

1990). 

The saliva secreted from aphid stylets plays a fundamental role in the process of 

phloem feeding (reviewed in Miles 1999). From the onset of probing, a continuous 

sheath surrounding the stylet is formed from a viscous secretion known as gelatinous 

saliva. This type of saliva is rich in lipoprotein that forms hydrogen bonds and 

oxidatively cross-links via disulfide bonds. Free amino acids also present in the saliva 

are thought to prevent premature cross-linkage of the sheath precursors. According to 

Miles (1987), the stylet sheath appears to be a multifunctional adaptation to "reduce 

mechanical damage, plug wounds, seal abrasions of cell walls and absorb locally 

produced irritants that would otherwise trigger wider defense reactions". Although 

soluble phenolic compounds are typically sequestered in plant cell vacuoles, and possibly 

bypassed by stylets as they penetrate between cells, complex phenolics are components 

of lignin in plant cell walls and could be solubilized in response to cell wall digestion by 

aphid saliva. One function of the stylet sheath may be to sequester these potentially toxic 

or deterrent phenolics encountered in the stylet pathway during probing (Miles 1987). 

In addition to the sheath saliva, '̂ watery" saliva is also injected into the plant 

tissue during stylet penetration. The watery saliva is a complex mixture that, depending 

upon the species, can include low molecular weight compounds such as phenolics and 

indole-3-acetic acid (Miles 1987). Injection and then recovery of watery saliva from the 

host appears to be an important part of host selection and navigation of stylets to the 

phloem. Proteins present in the watery saliva are involved either in penetration of plant 
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tissues (pectinases and cellulases) or defensive detoxification (peroxidases and 

polyphenol oxidases) (Baumann and Baumann 1995). Several other enzymatic activities 

have also been associated with the watery saliva (Dreyer and Campbell 1987; Miles 

1987,1990. Characterization of salivary proteins at the molecular level is ongoing 

(Miles and Harrewijn 1991; Baumann and Baumann 1995; Madhusudhan and Miles 

1998) and may provide important insights regarding elicitation of host responses. 

One hypothesis for aphid adaptation to host plants involves the presence of 

appropnate salivary pectin polygalacturonases to depolymerize the pectic components of 

the middle lamella in cell walls of different plant cultivars (Campbell and Dreyer 1985; 

Dreyer and Campbell 1987). Experimental evidence suggests that Schizaphis graminum 

(greenbug) resistance in cereals is mediated in part by a variant pectin structure in the 

middle lamella and a resulting ineffectiveness of pectin methylesterase activity in aphid 

saliva (Campbell and Dryer 1985). But this salivary polysaccharase activity may serve 

other roles. Plants use pectinaceous fragments (oligourom'des) as signals in activating 

systemic and localized defense; it is possible that salivary polysaccharases serve to 

produce an inappropriate type of pectic fragments, which interfere with the host plant's 

own system of oligourom'de signaling (Campbell and Dryer 1990; Miles 1999). 

The time required to reach the phloem varies depending on the aphid, plant 

species, and position of the aphid on the plant Probing activity prior to sustained feeding 

can require several hours before initial phloem contact is made, but is often a much 

shorter period (Tjallingii 1994). Electronic monitoring of probing, combined with 

ultrastiructural observations of stylet sheath tracks, indicate that numerous sieve element 
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punctures often occur prior to sustained phloem sap ingestion (Tjallingii and Mayoral 

1992; Tjallingii 1994). Monitoring of Aphis fabae (black bean aphid) feeding on broad 

bean indicated that watery saliva is secreted into the phloem sap during these 

nonsustained initial phloem punctures (Tjallingii 1994), which may last from several 

seconds to several minutes. During sustained feeding, which may last from several 

minutes to several hours, watery saliva continues to enter the phloem sap; radiolabeled 

components of aphid saliva were shown to be translocated systemically (Forrest and 

Noordink 1971). 

The transport of saliva is consistent with the fact that aphid feeding has been 

shown in several instances to cause pronounced changes in the host plant in tissues far 

removed from the feeding site. Therioaphis trifolii (spotted alfalfa aphid) causes necrosis 

in leaf tips and meristemati'c regions of alfalfa (Nielson et al. 1974). Feeding by S. 

graminum (greenbug) and Diuraphis noxia (Russian wheat aphid) causes chlorosis in 

veins of cereals (Ryan et al. 1990). These effects are possibly caused by the systemic 

translocation of saliva, or the production of oligouromdes by salivary pectinases, some of 

which nught signal a defense-related necrosis of host tissue (Campbell and Dryer 1990). 

The end result may be induction of physiological changes in the host that are 

advantageous to aphid nutrition. For example, D. noxia feeding on a susceptible wheat 

variety caused an increase in the concentration of several nutritionally essential free 

amino acids in the phloem sap, suggesting that the aphid induces a selective modification 

of nutrient levels within the tiranslocation stream (Telang et al. 1999). 
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MECHANISMS OF RESISTANCE TO APHIDS 

Host range limitations among insects may caused by adaptive plant characters 

related to defense, or by nutritional constraints. The determinants of host range for 

phloem feeders such as aphids could be a function of plant chenustry acting at any one of 

several locations encountered by the insect as it tests a potential host (reviewed in 

Montllor 1990). A plant species' or variety's unique chemical signature will likely consist 

of deterrent, as well as phagostimulatory, compounds; a given compound can produce 

opposite effects on different aphid species (Montgomery and Am 1974). Therefore, it is 

sometimes difficult to generalize about specific groups of plant chemicals in regard to 

their roles in host adaptation or host range limitation. 

The ability to recognize and colonize a host could depend on chemicals or 

structures encountered at the plant surface, throughout the subsurface stylet pathway, or 

within the phloem itself Plant volatiles and surface features (trichomes, epicuticular 

waxes) are among the first qualities that can be assessed by an aphid and have 

occasionally been shown to deter or stimulate aphid feeding. Host suitability factors may 

also act below the surface, in specific tissues or cell types, where their detection and 

elucidation by researchers can be difficult The process of phloem feeding thus 

complicates a mecham'stic understanding of host adaptation by the insect and defense by 

the host because many informative insect behaviors occur at the plant interior. Extracts 

from a number of plant species, when added to artificial diets, have been shown to either 

encourage or deter probing by a number of aphid species (Mittler 1987). However, it is 
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not always clear how much contact aphids have with these chenucals when they probe 

and feed from a plant. A deeper understanding of how plants achieve resistance to aphids 

requires elaboration and integration of knowledge of probing behavior, of deterrent 

chemicals or structures in the host, of phloem sap constituents, and of physiological 

responses of the host to infestation. 

Plant resistance factors could, in many cases, alter the process of stylet 

penetration. One method of linking probing behavior with resistance mecham'sms is by 

monitoring electrical signals generated by stylet movements. The analysis of these 

signals offers a powerful approach to localizing plant tissues in which resistance 

mechanisms exert their effects on the aphid. Two types of monitoring systems have been 

developed, using either alternating currents (AC system) (McLean and Kinsey 1964) or 

direct currents (DC system) (Tjallingii 1978). In either system, a fine conducting wire is 

glued to the aphid's abdomen and connected to a signal amplifier. An electrode is placed 

in the soil surrounding a plant's roots and wiring is configured such that, when the aphid 

stylets penetrate the plant cuticle, a closed circuit is formed that includes the aphid and its 

host plant. Movements of the stylet through different plant tissues cause fluctuations in 

the aphid's electrical resistance and in the electrical potential of the aphid and host plant. 

These fluctuations can be recorded as specific voltage waveform patterns. Histological 

analyses have correlated several waveform patterns with distinct positions of the stylets 

within the host plant. Some patterns are associated with the intercellular pathway to the 

phloem, while others are associated with xylem contact, puncturing of living cells in the 

pathway, sieve element puncturing, or phloem sap ingestion (Tjallingii 1987). The 
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recorded signal, or electrical penetration graph (EPG), can be compared for aphids 

probing resistant and susceptible host plants. EPG analysis has proven to be a valuable 

tool in localizing the specific host tissues in which resistance factors act on the probing 

aphid (Montllor and Tjallingii 1989; van Helden and Tjallingii 1993). 

A greater challenge has been the elucidation of the biochemical interplay between 

aphids and their host plants. Plant responses to components of either the gelatinous or 

wateiy saliva during probing are poorly understood, but may be useful for interpreting 

aphid feeding behaviors as well as plant defense mecham'sms. As mentioned in the 

previous section, partial digestion of the middle lamella and plant cell wall results in the 

formation of oligosaccharides that can elicit plant defense responses; these responses can 

include the synthesis of antimicrobial phytoalexins (Davis et al. 1986) or defense related 

proteins such as protease inhibitors, via systemin (Ryan et al. 1981). Identification of 

plant oiigosacchandes in greenbug honeydew led Campbell (1986) to speculate that cell 

wall fragments introduced into the translocation stream during greenbug feeding on 

sorghum could initiate systemic plant responses. The phytoalexin coumestrol in alfalfa 

was induced in response to feeding by Therioaphis trtfblii (Loper 1968). Botha et al. 

(1995) reported the induction of endochitinase activity in the apoplastic fluid of resistant 

wheat following D. noxia infestation. Whether induction of either compound is elicited 

by cell wall fragments remains to be determined. Recently, h/fyzus persicae (green peach 

aphid) was shown to induce the expression of genes for pathogenesis-related proteins in 

Arabidopsis thaliana Moran, personal communication). As more is learned about the 
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means by which pathogens induce such factors, it may become more feasible to 

understand their mode of induction by aphids. 

Although phloem feeding may allow the avoidance of allelochemicals in 

vacuoles, in some plants the phloem sap contains secondary compounds that may defend 

against aphids. Phenolic compounds such as catechin and chlorogem'c acid appear to be 

present in phloem sieve elements of some plants (Miles 1990). The oxidation of 

monomeric phenolics to highly reactive quinone derivatives is a widely used plant 

defense against biotic stress, and such compounds can be toxic to aphids (Montllor 1990). 

However, aphids may overcome such defenses or even co-opt them to their advantage; 

Miles and coworkers have presented evidence that phenoloxidase and peroxidase 

activities in aphid saliva polymerize monomeric phenolics into nontoxic polyphenols, 

which are then inert or serve as phagostimulants (Miles 1990; Miles and Oertli 1993; 

Jiang and Miles 1996). Another class of secondary compounds, hydroxanuc acids, have 

been detected in vascular tissues of maize and wheat leaves (ArgandoAa and Corcuera 

1985; Argandofta et al. 1987). Increased levels of hydroxamic acids were correlated with 

resistance to Rhopalosiphum maidis (com leaf aphid) in different maize lines (Long et al. 

1977; Beck et al. 1983) and to Metopolophitm dirhodum (wheat aphid), S. gramiman, 

and Sitobion aveme (grain aphid) in wheat (Argandoiia et al. 1980,1981; Bohidar et al. 

1986). However, electrom'c monitoring of five aphid species probing wheat suggested 

that relative levels of resistance were correlated more strongly with increased stylet 

puncturing of mesophyll cells, than with increased concentrations of hydroxamic acid 

glycosides in seedling tissue (Givovich and Miem^er 1995). 



25 

Phloem sealing has been proposed as a mechanical means of limiting aphid 

feeding in plants, and is supported by the finding that aphid-resistant genotypes of certain 

species do not continue exuding sap through excised stylets for as long as susceptible 

genotypes (Girousse and Boumoville 1994; Caillaud and Niemeyer 1996; Chen et al. 

1997). Deposition of callose at the sieve-plate pores is a well recognized mechanism for 

sealing the sieve elements in both wounded and senescent tissues (Eschrich 1975). 

Callose deposition has also been implicated as a mechanism of plant resistance to fungal 

pathogens (Cohen et al. 1989; Cohen et al. 1990; Bayles et al. 1990; Parker et al. 1993) 

possibly by blocking the penetration of fungal haustoria. Shinoda (1993) reported higher 

levels of Aphis go^^^p/V-induced callose deposition on resistant melon line AR 5 than on 

susceptible line PMR 5. The accumulation of this p-l,3-glucan polymer is inducible and 

very rapid, although the rate of deposition varies among species (Evert and Derr 1964). 

Microscopically visible callose deposits appeared within five minutes after artificial 

wounding in roots of pea, with the greatest density of deposition in sieve elements 

(Galway and McCully 1987). 

Dreyer and Campbell (1987) hypothesized that a 1,3-gIucosidase (or p-1,3-

glucanase) identified in aphids could promote callose depolymerization at sieve plates, 

increasing the quantity of phloem sap available to aphids. Recently, the introduction of 

an antisense p-l,3-glucanase gene in tobacco was shown to increase callose deposition 

and viral resistance (Beffa et al. 1996), supporting the idea that the balance between 

callose depositioaand removal can influence the movement of substances between cells. 

A P-l,3-glucanase isoform was recently found to be induced by M persicae in 
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Arabidopsis thaliana (P. Moran, personal communication), which raises the possibility 

that the aphid might counteract the deposition of callose by inducing the plant to break 

down the polysaccharide. Alternatively, the induction of p-l,3-glucanase by aphid 

feeding may simply reflect a generalized defense response by the plant, rather than an 

action specifically induced by the aphid. More importantly, it is unknown whether 

callose is a substrate for this particular isoform of the en^me. 

Filaments of phloem protein (P-protein) in the phloem sap have been proposed to 

serve a wound sealing function in sieve elements (Eschrich 1975), and several 

investigators have proposed that these proteins could polymerize to occlude the sieve 

tube and inhibit aphid feeding even more rapidly than callose deposition. P-proteins are 

widely distributed among angiosperms, but are best characterized in the Cucurbitaceae. 

In cucurbits, P-proteins filaments are composed of two major proteins, the phloem 

filament protein and phloem lectin, which may oxidatively cross-link via disulfide bonds 

to form high molecular weight polymers (Read and Northcote 1983). Within the phloem 

sap, the presence of a thiol protection system in the form of glutathione and glutathione 

reductase (Alosi at al. 1988), along with the presence of thforedoxin (Ishiwari 1995), 

indicate a tight regulation of the sieve element's oxidation-reduction (redox) status, 

which possibly controls the level of P-protein cross-linking. Miles (1999) discusses a 

model for a dynamic interplay between the oxidative enzymes of aphid saliva and the 

redox system of the phloem sap, in which the aphid alters the phloem sap's redox 

equilibrium in a way that not only could detoxify phenolic compounds, as discussed in 

the previous section, but also could inhibit the polymerization of P-protein. It is possible 
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that some forms of aphid resistance are due to the plant's ability to overcome the aphid's 

interference with this polymerization process. 

Some of the biochemical complexity of plant-aphid interactions is likely to be 

unraveled in the near future with the assistance of molecular-genetic tools. Recently, the 

Mi gene from tomato was shown to specify resistance to the root-knot nematode 

(Milligan et al. 1998) and an isolate of Macrosiphum euphorbiae (potato aphid) (Rossi et 

al. 1998). The gene is a member of a large family of flowering plant genes that confer 

resistance to nematodes as well as pathogem'c fungi, bacteria, and viruses. These 

intriguing developments have shown that diverse plant groups share a conunon means of 

defense against pests, in which highly similar protein sequences can specify resistance to 

members of highly diverse taxa. The proteins appear to act as components in signaling 

pathways leading to an appropriate host defense. Yet the mechanisms that underlie the 

specificity of response against these pests are still in the early stages of elaboration. 

Moreover, the most proximate biochemical causes of resistance to any of the pests 

affected by these genes remain unknown. While it is unclear how broadly these 

developments will be applied to phloem-feeding insects, characterization of the Mi gene 

represents an exiting new advance in the field of insect resistance mecham'sms in plants. 

Despite limited knowledge of resistance mecham'sms, breeders of several crops 

have been able to select for increased resistance to aphids (Kishaba et al. 1971; Campbell 

and Dryer 1985; Dong and Quick 1995; Ellis and Farrell 1995; Goffieda and Mutschler 

1989; Momhinweg et al. 1995). However, the development of aphid resistance in major 

crops can be a slow process, and is difficult by traditional selection methods. Resistance 
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breeding has depended upon finding sources of resistance within crop species, or from 

wild relatives. Unfortunately, it is not always possible to find suitable sources of 

resistance by screening germplasm collections. The potential of traditional resistance-

breeding has been greatly expanded with the advent of marker assisted selection, gene 

clom'ng, and gene transfer technologies. It is now possible to transfer resistance traits 

between disparate taxa, even when the gene conferring resistance is not of plant origin. 

The isolation and study of novel resistance genes from a greater number of plant species 

is of prime importance in generating new crop varieties protected against attack by 

phloem feeding pests. Increased understanding of plant defense mechanisms may also 

enhance rational strategies for resistance sustainability in the field. 
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APHID RESISTANCE IN MELON 

The interaction between Aphis gossypii and Cucumis melo (melon) presents an 

opportunity to elucidate the means by which one of this aphid's hosts defends itself 

against attack. This interaction has economic, as well as theoretical, importance. A. 

gossypii is among the most destructive insects to agriculture in the US and abroad 

(Slosser et al. 1989). In addition to cotton and cucurbits, the aphid attacks citrus, coffee, 

and some solanaceous vegetables, and is a vector of over 50 plant viruses (Blackman and 

Eastop 1984). It is also one of the aphid species in which insecticide resistance is most 

widespread (Devonshire 1987). Spraying of an A, gossyp/V-infested cotton field with 

thiodicarb was shown to increase abundance of the aphid, probably due to an attendant 

reduction in numbers of predators (Wilson et al. 1999). In recent years, the southern tier 

of the US has experienced severe outbreaks of this species on cotton (Kerns and Gaylor 

1992). Genetic resistance in cotton is a desirable alternative to chemical control, but 

aphid resistant cotton vaneties have not been forthcoming. Given the economic 

importance and broad host range of A. gossypii, it is worthwhile to study its interaction 

with melon, the only crop species known to possess monogenic resistance to this pest. 

Resistance to A, gossypii has been identified in several sources of melon 

germplasm and was found to be conditioned by a major dominant gene in two of these 

sources, PI 37179S from India (Kishaba et al. 1971; McCreight et al. 1992), and PI 

161375 fi'om Korea (Pitrat and Lecoq 1980). Bohn et al. (1972) identified three 

categories of resistance to A. gossypii in the Indian accession: plant tolerance, antixenosis 
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(nonpreference), and antibiosis. Segregation analysis indicated that antibiosis was 

conditioned by a major donunant gene in the Indian source of resistance (Kishaba et al. 

1976), and that antixenosis and antibiosis were controlled by the same locus (Pitrat and 

Lecoq 1982). Interestingly, aphid resistance traits derived from both the Indian and the 

Korean accessions were found to be tightly linked, or possibly allelic, to a gene 

conferring resistance to transmission of non-persistent viruses by A. gossypii (Pitrat and 

Lecoq 1980; Romanow et al. 1986). Virus damage is often economically more important 

than aphid damage and, presumably, for this reason the locus for resistance derived from 

PI 371795 was given the name Vat (Virus aphid ti^smission), a curious designation 

(Pitrat and Lecoq 1982) apparently intended to mean "aphid-borne virus transmission". 

These authors asserted that aphid resistance in the Korean accession PI 161375 is also 

conditioned by Vat, although no evidence of allelism between the Indian and Korean 

resistance traits has been published. 

A. gossypii resistance has been introgressed into melon breeding lines from both 

sources of germplasm to create several pairs of nearly isogem'c lines (NILs) (McCreight 

et al. 1984; Chen et al. 1997), allowing detailed analyses of the effects of resistance on 

the aphid. Comparisons of aphid feeding behavior and performance between nearly 

isogenic resistant and susceptible melon lines have indicated that the resistance 

mechanism is associated with the phloem. Electronic monitoring of probing behavior 

was used to show that resistance in NIL AR 5 (from Indian accession PI 371795) caused 

prolonged salivation into sieve elements by aphids and inhibited phloem sap ingestion 

(Kiingler et al. 1998; results presented in the second chapter of this dissertation). The 
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same techm'que was used by Chen et al. (1997) to show that resistance in NIL Margot 

(from Korean accession PI 161375) also inhibited phloem sap ingestion, although no 

alteration of aphid salivation into sieve elements was observed. In the latter study, the 

authors reported that phloem sap exudate from resistant NIL Margot reduced aphid 

feeding when included in artificial diets, suggesting that a soluble component of the 

phloem sap is involved in the resistance mechanism. This Hnding contrasts with a study 

by Kennedy and Kishaba (1977), who made reciprocal grafts between resistant melon 

plants (derived from the Indian source) and susceptible, unrelated melon plants. The 

authors infested the scion and root stock of each type of graft, and never observed 

translocation of resistance across the graft union. This suggested that the resistance 

factor was not translocated in the phloem. Moreover, resistance in AR S was associated 

with larger and more numerous callose deposits at aphid feeding sites (Shinoda 1993), 

raising the possibility that aphid-induced callose deposition inhibits phloem sap 

ingestion. This idea might be more consistent with the grafting results than with the 

artificial diet study, since a resistance mecham'sm based on callose deposition presumably 

would not be as easily translocated across a graft union as one based on a toxic or 

deterrent chemical in solution. Each study cited above used only one of the resistance 

sources; neither study directly compared the two sources. The conflicting reports on the 

nature of aphid resistance derived from accessions PI 37179S and PI 16137S indicate a 

need to clarify the mecham'sm of resistance and the genetic relation between resistance 

derived from the two sources. 
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OVERVIEW OF TfflS STUDY 

Early studies of A. gossypii resistance in melon compared resistant and 

susceptible melon lines with different genetic backgrounds. The development of resistant 

and susceptible nearly isogenic lines (NILs) of melon by McCreight et al. (1984) has 

provided a powerful aid to study the nature of the resistance phenotype. A. gossypii is 

readily amenable to culture and mam'pulation in the laboratory, and its short generation 

time and high fecundity offer the means to efficiently assay its behavior and performance 

under various treatments. This dissertation presents the findings of experiments in which 

resistant and susceptible melon NILs were compared at several levels to elucidate the 

nature of the resistance mechanism. The NILs were analyzed with respect to their effects 

on aphid biology and behavior, and with respect to their biochemical and molecular-

genetic properties. 

The second chapter presents an extensive analysis of the aphid resistance 

phenotype, in which comparisons were made between pairs of melon NILs with aphid 

resistance or susceptibility. In one pair of NILs (AR S and PMR 5), resistance in AR 5 

had been introgressed from the Indian melon accesssion PI 37179S. In the other pair 

(Margot and V^irantais), resistance in Margot came from Korean melon accesssion PI 

161375. Most of the subsequent experiments in this dissertation focused on only the 

NILs AR 5 and PMR 5. Also in the second chapter, experiments tested the effects of the 

resistance gene on aphid biology and feeding behavior, and determined the pattern of the 

trait's expression dunng plant development 
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The third chapter addresses the hypotheses that phloem proteins or callose 

deposition play a role in the resistance mechanism. Experiments examined phloem 

exudate proteins among resistant and susceptible melon genotypes, and compared 

properties of callose synthase between the NILs AR 5 and PMR 5. 

The fourth chapter sununarizes genetic and molecular studies of the resistance 

trait. First, expenments on genetic mapping of the aphid resistance locus are presented. 

The map was based on segregation analysis of a group of F3 families from a genetically 

wide cross between resistant and susceptible melon lines. Since the allelic relationship 

between the Indian and Korean sources of resistance in not clear, a test of allelism was 

conducted by determining the resistance phenotype of plants in a population derived from 

a cross between resistant lines (AR 5 and Margot) representing each source. In a second 

study, DNA sequences homologous to known resistance genes were isolated from melon 

and tested for genetic linkage to aphid resistance. These expenments address the 

hypothesis that the A. gossypii resistance gene is a member of the largest known class of 

resistance genes in plants. 

The final chapter presents a brief outline of future research approaches that could 

be taken to increase understanding of the physiological basis of this resistance 

mechanism. 
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2. ANTIBIOTIC AND BEHAVIORAL EFFECTS 

OF RESISTANCE ON APHIS GOSSYPU 

INTRODUCTION 

In the 1970s, investigators reporting on^^. gossypii resistance in melon (Kishaba 

et al. 1971; Bohn et al. 1972; Kennedy and Kishaba 1976; Kennedy and Kishaba 1977; 

Kennedy et al. 1978) compared resistant and susceptible melon genotypes of quite 

different genetic backgrounds. Resistant plants in those studies were directly descended 

from a single plant, PI 371795, which grew from a contanunant seed in a sample of 

Cuctmis sativus (cucumber) seeds collected in India (McCreight et al. 1992). Fruit 

characteristics of the germplasm illustrate the degree of genetic distance separating it 

from aphid susceptible genotypes bred for commercial production in the United States. 

Its fruit is ovoid instead of spheroid, with a smooth, orange exocarp that splits at 

maturity. In India it is cooked as a vegetable (Kennedy et al. 1975). The genetic 

dissimilarity between PI 371795 and the susceptible varieties was confirmed by 

Neuhausen (1992), who conducted RFLP analyses on a diverse collection of melon 

germplasm. Since melon is an insect pollinated (outcrossing) species, seed of the early 

selfing generations that descended from PI 371795 were heterogeneous with respect to 

plant characteristics, including aphid resistance (McCreight et al. 1992). This source of 

uncontrolled variation was thus an additional limitation of the early studies of the 

resistance trait In short, reported dififerences in aphid performance and behavior between 
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the tested melon genotypes could have been caused by many factors in addition to the 

dominant aphid resistance gene. 

The introgression of A. gossypii resistance into melon breeding lines, by 

successive rounds of backcrossing to a susceptible recurrent parent, was undertaken by 

McCreight et al. (1984), who used Indian accession PI 371795 as the original source of 

resistance. Three susceptible breeding lines, PMR 5, Hale's Best, and Top Mark, were 

used as recurrent parents to produce three pairs of near-isogenic lines. A. gossypi 

resistance from Korean accession PI 16137S, also conditioned by a single dominant gene 

{Vat\ was introgressed into Charentais-type melon lines (Chen et al. 1997). The 

resulting near-isogenic lines (NILs) for both sources of resistance have been valuable 

tools in studying the effects of the trait without interference from extraneous effects on A. 

gossypii that could arise from differences in genetic backgrounds. However, no previous 

studies have compared the efHcacy of resistance from the Indian and Korean sources. 

This chapter reports on experiments in which aphid life history traits were 

measured during culture on two pairs of resistant and susceptible NILs representing the 

Indian and Korean sources of resistance. Aphid resistant line AR S has resistance from 

Indian PI 371795, with the genetic background of its susceptible recurrent parent, PMR 5 

(a Western shipper breeding line). Aphid resistant line Margot has resistance from 

Korean PI 161375, with the genetic background of its susceptible recurrent parent, 

V^drantais (a Charentais-type breeding line). Data from these experiments show 

similarities as well as subtle differences between the phenotypes for each source of 

resistance, and indicate that the resistance phenotype is stronger in AR 5, the NIL 
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possessing the Indian-derived resistance gene. The remainder of the chaper will focus on 

comparisons between AR S and PMR S with respect to aphid feeding behavior, excretion, 

and population development, and with respect to the resistance trait's pattern of 

expression during leaf development. Results from these studies reveal the resistance 

trait's pronounced antibiotic effects on A. gossypii, and provide evidence for a phloem-

localized mechanism of resistance. 
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MATERIALS AND METHODS 

Plants 

Plant genotypes included in the aphid life history study were NILs AR 5 

(resistant) and PMR S (susceptible); and NILs Margot (resistant) and Vedrantais 

(susceptible). For all other expenments, only the NILs AR 5 and PMR 5 were used. All 

plants were grown in a sandy loam soil mix, in lO-cm diameter plastic pots. A highly 

susceptible vanety of melon, "Green Flesh" honeydew, was used for maintaim'ng a 

colony of A, gossypii to avoid any influence of expenence on feeding behavior or aphid 

performance during experiments. Plants for the EPG experiments were maintained in a 

greenhouse at 28 ± 5 °C with an artificially-extended daylength (16 h light, 8 h dark). 

Plants for life history experiments were grown in a greenhouse maintained at 24 ib 7 °C 

and under natural lighting (approximately 16 h light, 8 h dark), with relative humidity 

between 20% and 60%. Plants for all other aphid performance studies were grown in a 

controlled environment growth chamber at 26 °C under 16 h light, 8 h dark, with a 

relative humidity of approximately 60%, In all experiments, aphids were tested on pre-

senescent leaves that had expanded to more than 50% of their final size. 
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Insects 

A. gossypii used in the feeding behavior studies were reared on Green Flesh 

honeydew melon in a controlled environment room at 20 "C and 16 h light, 8 h dark. The 

insects used for all other experiments were from a colony maintained on Green Flesh 

honeydew melon for >50 generations at 23 "C and 16 h light, 8 h dark. Aphids were 

reared in conditions where there was always sufficient foliage for feeding. Experiments 

to study feeding behaviors, excretion, and developmental expression of resistance were 

started using insects less than 24 h after their adult molt. 

Life history traits 

A. gossypii life history traits were studied on 10 plants each of AR 5 and PMR 5, 

and five plants of each of Margot and V^drantais. Plants were placed in a greenhouse 4 

wk after emergence, in a completely randomized design. Performance of single aphids, 

confined in 2.5 cm diameter leaf clip cages, was monitored on both the third and fourth 

true leaves of each plant A single newly deposited nymph was established in each cage 

by placing three alatae (adult winged aphids) into each cage for 24 h, after which time all 

adults and all but one nymph were removed. Daily observations were made to record life 

history traits throughout the life of each aphid During the reproductive period, all 

nymphs produced in the preceding 24 h were counted and removed, leaving the original 

females in place. Pre-reproductive, reproductive and post-reproductive periods were 
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calculated for aphids on the four melon lines. In addition, the total number of nymphs 

deposited, mean daily deposition, and lifespan were calculated. Wall (1933) observed a 

positive correlation between color intensity and adult body size in A. gossypii; the color 

of each aphid was noted on the first day of reproduction, as an indirect measure of body 

size. A score from 1 to 5 was assigned to each adult, where I = pale yellow and 5 = dark 

green. 

On some leaves, particularly those of line AR 5, adults took more than 24 h to 

start depositing nymphs. Leaves were re-infested if apterous (wingless) nymphs died 

before the final molt, and in two cases (both on AR 5), nymphs that did not live to 

maturity were replaced using alatae to re-establish individual apterous nymphs of a 

known age. For all life history traits, data were compared between melon lines using F-

tests or, where appropriate, the Mann-Whitney test. Daily reproduction data for each 

melon genotype were compared with a repeated measures ANOVA. These analyses were 

performed with StatView software (Abacus Concepts). The intrinsic rate of population 

increase, Tm, was calculated for each of the twenty adult aphids on AR S and PMR 5 to 

quantify the overall effect of AR S's resistance on A. gossypii development, using the 

methods of Wyatt and White (1977). 

Electronic monitoring of feeding behavior 

Adult apterae (the wingless morph) were collected from the colony and starved in 

Petri dishes for 1 h prior to EPG recordings, to standardize aphid experience immediately 
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before experiments. The dorsal surface of the abdomen of each test insect was connected 

to a fine (20 diameter) 3 cm gold wire with electrically conductive silver paint The 

other end of the wire was connected to one input of an amplifier, and the aphid was 

lowered onto the abaxial surface of the (inverted) second true leaf of NIL AR 5 or PMR 

5. All plants and insects were inside a Faraday cage during recording, at an ambient 

temperature of 25 ± 2 °C. EPG recordings were made with a Giga 4 DC amplifier with 4 

channels and 10^ Q input resistance (Wagem'ngen Agricultural University, The 

Netheriands), which enabled direct data recording onto a computer (Tjallingii 1987). 

Aphids were lowered onto the leaf surface of test plants at To and remained on the plants 

for 3 h. Insects were observed periodically to check that they were still in contact with 

the plant EPG patterns were recorded throughout the duration of each experiment, and 

the start of stylet penetration was designated as Po. Electrical signals from probing 

activities were converted using the Stylet 2.0 application program (Tjallingii and Mayoral 

1992) to produce a graphical representation of the signals, from which the duration and 

frequencies of distinct behavior-associated waveforms (Tjallingii 1987) were calculated. 

The biological interpretations of the different EPG parameters used in this study are as 

follows; C - pathway activities including salivary sheath secretion, stylet movement 

through plant tissues and brief cell punctures (includes waveforms A, B and C); F - high 

frequency stylet movements; El - salivation activities following sieve element puncture; 

E2 - phloem sap ingestion (Tjallingii 1987,1994; Prado and Tjallingii 1994). Use of a 

four-channel amplifier enabled simultaneous recording from two insects on each melon 

line. Twenty-one aphids were tested on both the resistant and suscepti'ble lines. 
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The proportions of insects exhibiting pattern C and waveforms F, El and E2 (Tjallingii, 

1987) were calculated at each IS min interval after To. These data were used to provide a 

graphical overview of the temporal development of stylet activities for the insects tested 

on NILs AR 5 and PMR S. Frequencies of particular EPG parameters were calculated 

from the EPG recordings and compared between the two genotypes using t-tests. The 

durations of certain EPG parameters (Table 1) were not normally distnbuted, so the 

Mann-Whitney U test was used for analysis of these data; medians were calculated as 

measures of central tendency. Count data were analysed using the Chi-square test with 

Yates' correction. 

Honeydew excretion 

Excretion rates of aphids feeding on NILs AR S and PMR 5 were measured using 

a 30 cm diameter Plexiglas disc attached to the dial of an electrical appliance timer. The 

dial and disk rotated in a horizontal plane at one revolution per 24 h. A 30 cm circle of 

filter paper was treated with a 0.1% solution of acidified bromophenol blue (staim'ng it 

yellow) and, when dry, was marked with radiating lines set 1 h apart. The paper was then 

mounted on the rotating disk. Four open-bottomed clip cages were each attached to arms 

positioned so the clip cages were 5 mm from the paper surface, over different parts of the 

disk. The cages were then cUpped onto single melon leaves on four individual plants 

(two of each genotype). Apterae were starved for three hours before being placed in clip 

cages. Each of the four cages confined a single feeding aphid to a 2.5 cm^ abaxial leaf 
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area, such that the honeydew droplets fell directly onto the paper surface, turning it from 

yellow to blue. In each experiment, honeydew production by single aphids on two plants 

of each genotype was recorded for a 12 h penod. The experiment was repeated on three 

different days, providing data from six aphids for both melon lines. Total droplet 

production after 12 h on the two melon lines was compared by ANOVA (StatView 

software. Abacus Concepts), with experiment days analyzed as blocks. 

Population development 

To compare population development on NILs AR 5 and PMR 5, each third true 

leaf of 10 four-week-old melon plants of each line was infested with three adult, alate A. 

gossypii confined in a 2.5 cm diameter leaf clip cage. Twenty-four hours after 

infestation, the adults and ail but three newly deposited nymphs were removed from each 

leaf These nymphs remained confined to the leaf on which they were bom, and the 

number in each cage was recorded nine days after infestation. Thus, the total number of 

aphids per leaf after nine days was a function of development rate, fecundity, and 

mortality. 

Developmental expression of resistance 

To determine the developmental pattern of expression of resistance, five plants 
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each of NILs AR S and PMR 5 were arranged in a randomized complete block design and 

infested on the abaxial surface of the third, fifth, seventh, and eighth true leaves. Leaf 

widths were measured at the time of infestation and vaned from 42% to 100% full width 

(mean width over the five day test period; 3rd true leaf = 100%; 5th = 75%; 7th = 58%; 

8th = 46%). Two adult apterae were transferred from honeydew melon and confined on 

the test leaves in each of the clip cages of 2.5 cm diameter. The total number of nymphs 

in each cage was counted at the end of five days. Total nymph production on the leaves 

was compared using ANO VA to determine whether the resistance phenotype was 

affected by the stage of leaf expansion. 
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RESULTS 

Life history traits 

The life history traits of aphids that developed on two pairs of NILs are shown in 

Table 2.1. Each aphid, rather than each plant, was treated as a separate expenmentai unit 

since there was no significant effect of leaf position on any life history trait Sample 

sizes were somewhat reduced for certain measurements, due to the loss of some aphids 

during the course of the seven-week experiment (5 aphids for AR 5; 2 aphids for 

Vedrantais; I aphid for Margot). For all traits, significant differences were observed 

between members of each pair of NILs, with the exception of two traits for NILs 

Vedrantais and Margot: pre-reproductive and reproductive periods. For all traits except 

color score, the greatest differences were observed between PMR S and AR 5. 

Of the four genotypes AR 5 was clearly the least suitable host with respect to all 

traits measured. Aphids on this line had the longest pre-reproductive period, and both the 

reproductive and post-reproductive periods were significantly shorter than on PMR 5. 

The difference in reproductive period between these NILs was especially pronounced, 

with aphids producing nymphs for almost twice as long on susceptible line PMR 5 

(U(2o.i4) = 40.0, P = O.OOOS). The three life stages combined to give a median total 

lifespan that was reduced from 34 d on PMR S to 23 d on AR 5 (U(2o,i5) = 36.5, P = 

0.004). The difference in sample size between the two preceding analyses was due to one 

aphid on AR 5 that produced no ofifspring durmg the entire experiment Interestingly, 



Table 2.1. Life history traits of./4. gossypii developing on susceptible and resistant near-isogenic melon lines. 
Results are presented as means or medians; values in parentheses are standard errors. 

Tiait measured PMR5 AR5 P V^rantais Margot P 

Pre-reproductive period (days) 7.30(0.35) 8.79(0.52) 0.02 6.90(0.18) 7.22(0.15) 0,189 
Reproductive period (days)* 21.5 13.5 0.0005 22.5 19.0 0.194 
Post-reproductive period (days) 6.85 (0.88) 4.29(0.74) 0.04 12.13(1.79) 5,56(1.30) 0.009 
Lifespan (days)* 35.5 28.0 0.004 43.0 31.0 0,009 
Color score 3.50(0.30) 2.58 (0.27) 0.03 3,80 (0.29) 2.78 (0.28) 0,022 
Total nymphs produced 60.80(2.33) 20.93 (3.94) <0.0001 70.75 (2.85) 45.89 (5,75) 0,002 
Daily reproduction (nymphs/day) 2.02(0.12) 0.69 (0.07) <0.0001 1.71 (0.09) 1.48(0.73) 0,06 

"Due to non-equality of variances, the effect of genotype was analyzed with a Mann-Whitney U test. 

U) 
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NILs Vedrantais and Margot also showed a significant difference in lifespan, but this was 

primarily due to a pronounced difference in post-reproductive period. Resistance in 

Margot reduced the post-reproductive period from 12.13 d in Vedrantais to only 5.56 d 

(F(U5)=9.11,P = 0.009). 

Aphid color scores after the final molt were significantly lower on both resistant 

NILs, indicating that these insects were generally smaller than those confined to the 

susceptible recurrent parent lines. 

The most pronounced effect of plant genotype was on aphid reproduction, with a 

66% overall reduction in the total number of nymphs deposited on AR 5, compared to 

PMR 5, and a 35% reduction on Margot compared to Vedrantais (Table 2.1). The 

difference in cumulative nymph production by aphids on the two pairs of NILs over the 

first 30 d of the experiment is shown in Figure 2.1. Daily nymph production on AR 5 was 

sigm'ficantly lower than on PMR 5 throughout the experiment (F(pi) = 78.86, P < 0.0001). 

NILs Vedrantais and Margot did not show as clear a difference (F(i,i5) = 4.13, P = 0.06), as 

illustrated in the two panels of Figure 2.1. A major reason for the difference between the 

two panels was the sharply curtailed reproductive period of aphids on AR 5, and a lower 

fecundity during that period. 
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Figure 2.1. Cumulative nymph production by A. gossypii on two pairs of nearly isogenic 
melon lines. Cumulative tot^s are shown for NILs P^^ 5 and AR 5 (top panel), and 
NILs Vedrantais and Margot (bottom panel) during the first 30 d after the birth of 
individual apterae. 
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The effects of resistance on aphid development in line AR 5 are summarized by 

the intrinsic rates of population increase calculated for these aphids. The mean values 

(±S.E.) of rm were 0.357 ± 0.015 aphids/aphid/day on PMR 5, compared to 0.232 ± 0.022 

aphids/aphid/day on AR 5. The calculation of these values only takes into account those 

aphids that survived until adulthood, so the value of for AR 5 is an over-estimate 

since three of the 20 original aphids on this genotype died before reaching the adult stage. 

Indeed, the monitoring of aphid performance on both pairs of NTLs omitted an important 

variable that could greatly influence aphid population growth in the field: nymph 

mortality. For this reason, the comparison of population development on NTLs AR 5 and 

PMR 5 (reported below) gives a broader assessment of the antibiotic effects of A. 

gossypii resistance. 

Electronic monitoring of feeding behavior 

The general patterns of A. gossypii feeding behavior on melon lines AR 5 and 

PMR 5 are shown in Figure 2.2. Initial behaviors during the first 15 minutes of plant 

contact were generally similar on the two genotypes, when most insects were exhibiting 

pathway-associated activities (pattern C). The subsequent temporal progressions of stylet 

penetration activities were also similar on both melon lines. A greater proportion of 

insects showed waveform F on AR 5, but the difference with PMR 5 was not significant 

throughout the 3 h access period (X^ tests, P > 0.05). The start of the initial phloem sieve 
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Figure 2.2. Percentage of aphids exhibiting specific EPG waveforms on melon lines 
PMR 5 (panel A) and AR 5 (panel B). NP = non-penetration; C = stylet pathway; F = 
high frequency stylet movements; El = sieve element contact—salivation; E2 = sap 
ingestion. 
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element-associated behavior (waveform El) occurred at approximately the same time and 

in the same number of aphids on both melon genotypes. Thereafter, increasing numbers 

of aphids exhibited phloem sap ingestion (waveform E2) on PMR 5, reaching almost 

50% of the aphids tested at 3 h after im'tial contact In contrast, the aphids on AR S 

continued to show occasional El activities dunng the rest of the experiments, but these 

were rarely followed by E2. Periods of El activity during extracellular stylet position 

(waveform Ele) (van Helden and Tjallingii, 1993) and ingestion from xylem (waveform 

G) (Tjallingii, 1987) are also possible during EPG recording, but were not observed 

during this study. 

Quantification of EPG results (Table 2.2) was used to determine more specific 

behavioral effects of plant resistance. The time to first cuticle penetration by the stylets 

was not sigm'flcantly different between AR 5 and PMR 5 (U(2ui) =181.5, ns). Similarly, 

the frequency and duration of waveforms associated with stylet pathway behaviors, 

primarily pattern C and waveform F, were not significantly different between the 

genotypes (P > 0.05). Aphids on the two melon lines did not differ in the time to the first 

recorded sieve element activity (El waveform), either from the start of the experiments 

(To), or from the start of individual probes (Po) in which the first El occurred. The 

results in Table I show that neither the number of aphids showing El nor the number of 

El events per aphid differed significantly between melon lines. Each period of El may 

be followed by one of two possible events. The aphid may withdraw its stylets from the 

sieve element (El to C transition) or maintain the intracellular stylet tip position and 

begin passive sap ingestion (El to E2 transition). 
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Table 2.2. Electrical pentratfon graph (EPG) waveforms and associated behavior of A. 
gossypii on PMR S and AR S. Waveforms were recored during 3 h access to either one 
of the melon NILs. To = start of experiment; Po = start of stylet penetration leading to 
sieve element contact; ns = no significant difference. 

EPG variables 
n 

(PMR5:AR5) 

Melon eenotvoe 
PMR5 AR5 P 

Pre-penetration behavior 
Median dme to stylet penetration (s) 21:21 24 14 ns 

Penetration behaviors: overall 
No. stylet penetrations (mean ±S£.) 
Median total time penetrating (min) 

21:21 
21:21 

11.6±1.5 
152.2 

14.6 ±1.7 
147.7 

ns 
ns 

Pathway behaviors: Pattern C* 
No. periods C (mean ±S.E.) 
Median total C duration (min) 

21:21 

21:21 

13.5 ±1.7 

91.4 

16.4 ±1.6 

95.0 
ns 
ns 

Pathway behaviors: pattern F 
No. aphids showing pattern F 
No. F events/aphid (mean ±S.E.) 
Median total F duration (min) 

21:21 
21:21 
8:14 

8 
0.8 ±0.3 

82.6 

14 
1.3 ±0.3 

62.0 

ns 
ns 
ns 

Phloem behaviors: pre-ingestion 
Median time to El from (min) 17:10 96.3 113.1 ns 

Median time to El from (min) 17:10 28.4 21.6 ns 

No. aphids showing El 
No. El events/aphid (mean ±S.R) 
Median total El duration (min) 
Median El event duration (min) 
No. aphids showing El to C 
Median El to C event duration (min) 

21:21 
21:21 
17:10 
35:22 
17:10 
20:19 

17 
1.7 ±0.3 

2.7 
0.8 
11 
1.1 

10 
1.1 ±0.3 

7.1 
4.8 
10 
4.5 

ns 
ns 

<0.05 
<0.05 
<0.05 

ns 

Phloem behaviors: sap ingestion 
No. aphids showing El to E2 
Median El to E2 event duration (min)^ 
Median total E2 duration (min)^ 

17:10 
15:3 

13:2 

13 
0.6 
25.7 

2 <0.001 

* Patterns A, B and C were analysed together as 'pattern C. 
^ Due to the low number of E2 events, median values for aphids on this line could not be 

calculated on AR 5. 
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Although El was observed in 10 of the 21 insects tested on AR S, only 2 of these 10 

aphids (20%) made the transition from El to E2 on this line, compared to 13 of the 17 

aphids (76%) that showed El on PMR 5 (X^ = 6.01,1 d.f, P < 0.05) (Table 2.2). When 

all El events from each genotype were pooled, 3 out of 22 of these events led to the E2 

waveform on AR 5 (14%), compared to 15 out of 35 (43%) on PMR 5 (X^ = 4.07,1 d.f, 

P < 0.05). The total duration of El waveforms per aphid and the duration of each El 

event were both significantly greater on the resistant line AR 5 (P < 0.05; Table I). The 

increased tendency of aphids to im'tiate E2 on PMR 5 probably contributed to this 

difference, as the durations of El events leading to E2 were shorter than those leading to 

pattern C on this line (U(i5^o) = 92.0, P < 0.05). Since E2 waveforms were rarely 

observed from aphids on resistant plants, it was not possible to statistically compare the 

duration of behaviors represented by E2, or by El that preceded E2, of aphids on the two 

lines (Table 2.2). However, the three single El events that were followed by E2 on AR 5 

had durations of 1.4, 6.5 and 22.8 min, and were therefore all longer than the median 

value of 0.6 nun on PMR 5. The two aphids that exhibited phloem sap ingestion 

behaviors on resistant plants produced total E2 waveforms of 22.9 and 47.3 min duration. 

Honeydew excretion 

Patterns of honeydew deposition by A. gossypii were markedly different on NILs 

AR 5 and PMR 5, with far less honeydew produced on resistant plants (Figure 2.3). 
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Figure 2.3. Mean hourly honeydew excretion by A. gossypii on PMR 5 and AR S. 
Aphids were monitored during 12 h of leaf contact 
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Honeydew production generally began in the first hour of leaf contact by aphids on 

susceptible line PMR 5, compared with five hours after leaf contact on resistant line AR 

5. By the end of the l2-h access period, aphids produced a mean total of 56.33 ± 4.57 

droplets on PMR 5, compared to 5.00 ± 3.16 droplets on AR 5 (F(i.6) = 93.37, P < 

0.0001). There was no sigm'flcant effect of experiment date on honeydew production 

(F(2.6) = 2.04. P = 0.21). 

Population development 

The nine-day assay of nymph production on NILs AR 5 and PMR 5 provided 

clear evidence of the cumulative effect of resistance on aphid population development 

Resistance in AR 5 diminished the rate of population increase by 93%, with a median 

total population of only 4.5 aphids per leaf versus 63.0 on PMR 5 at the end of nine days 

(U(io.io) = 100.0, P < 0.0002). The number of aphids on PMR 5 was substantially higher 

than might have been expected from the life history study of individual aphids, in which 

individual aphids on PMR 5 had produced approximately 7 nymphs by 9 days of age. It 

is assumed that aphids on PMR 5 in this population development experiment were more 

productive than those in the life history study in the greenhouse because of the longer 

photoperiod and narrower range of temperatures in the environmental chamber. The 

difference between the genoQrpes was also likely more pronounced than that seen in the 

life history study because, in this case, there was no augmentation of aphids to replace 

those that had died during the larval stage. This experiment measured the overall effects 
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of resistance on the survival, development, and fecundity of a group of aphids. It 

therefore provides a more comprehensive assessment of the effect of resistance on aphid 

performance, compared with the results of the life history study. 

Developmental expression of resistance 

The resistance phenotype in AR 5 appeared to be expressed uniformly throughout 

latter stages of leaf development (Figure 2.4). Nymph production by aphids on NILs AR 

S and PMR S was not significantly affected by the developmental stage of the leaf on 

which the insects were placed (F(3,32) = 2.04, P = 0.12). On resistant plants, aphid 

population size was sigm'ffcantly lower (25.90 ± 3.01 nymphs per leaf) than on 

susceptible plants (86.60 ± 2.66 nymphs per leaf) (Fd^a) = 230.59, P < 0.0001). No 

significant interaction was found between leaf position and genotype (Fy^z) = 0.05, P = 

0.98), providing strong evidence for constant expression of resistance throughout latter 

stages of leaf development The other experiments in this study should not, therefore, be 

sigm'ficantly affected by the vanation in developmental stage of the leaves tested. 

Despite a relatively uniform level of expression of the resistance phenotype throughout 

the plant, the third (oldest tested) leaves of all plants supported population increases 

slightly smaller than those seen on younger leaves. However, the reduction was 

proportionally similar between AR 5 and PMR 5, indicating that the aphid resistance 

gene was unlikely to have played a role in this phenomenon. A possible reason for the 

lower aphid populations on the fully expanded third leaves is that they were senescing 
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and therefore undergoing physiological changes that rendered them less suitable for aphid 

performance. 
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Figure 2.4. Effect of leaf position and resistance genotype on nymph production by A. 
gossypii. Four leaves each of AR 5 and PMR S were simultaneously infested with two 
apterous adult ̂ 4. gossypii, which were allowed to reproduce for five days (oldest leaf= 
t^d leaf position; youngest leaf = eight leaf position). Mean total nymphs per leaf and 
standard error bars are shown. 
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DISCUSSION 

Experiments in this chapter compared A. gossypii performance on two pairs of 

nearly isogenic melon lines possessing two separate sources of resistance. Of the three 

pairs of NILs with resistance derived from Indian PI 371795, AR 5 and PMR 5 were 

chosen because, based on their published pedigree (McCreight et al. 1984) and on 

personal conmiunication with that report's corresponding author (J. McCreight), these 

lines appear to be the most nearly isogenic. Seed used in this study from the pair of NILs 

with resistance derived from Korean PI 161375, Margot and Vedrantais, were reportedly 

similar to the NILs AR 5 and PMR 5 in their degree of genetic relatedness (M. Pitrat, 

personal commum'cation). 

The study of aphid life history traits during confinement on these two pairs of 

NILs indicates that antibiosis is stronger in AR 5 than in Margot. This difference could 

result from one of three causes. First, two separate resistance mecham'sms—and two 

distinct genes—might be operating in the resistant lines. A second possibility is that the 

same locus controls the trait in both sources of resistance, but that different alleles are 

present in the two resistant lines. In this case, the allele in AR 5 would condition a more 

pronounced resistance phenotype than the corresponding allele in Margot A third 

possibility is that the same resistance allele exists in both lines, and that the genetic 

backgrounds of PMR 5 and Vedrantais modify the resistance gene to condition different 

degrees of antibiosis against A gossypiL The fact that Vedrantais was a slightly better 

host than PMR 5 supports this idea. The second and third possibilities are consistent with 
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the assertion by Pitrat and Lecoq (1982) that resistance traits from the Indian and Korean 

sources of germplasm are conditioned by the same gene (or gene locus), designated Vat 

(Virus^phid transmission). Since these authors provided no data to support this 

assertion, the hypothesis of allelism will be tested in this dissertation's final chapter. If 

the first possibility is wrong, distinguishing between the second and third possibilities 

will require isolating and characterizing the resistance genes from both germplasm 

sources. 

The comparison of aphid performance on both pairs of NILs made it clear that the 

resistance phenotype is most pronounced when comparing NILs AR 5 and PMR S. In the 

interest of saving time and maximizing clarity of results, subsequent experiments on the 

nature of A. gossypii resistance, reported in the remainder of this chapter and the next, 

focused on these two lines. 

In the EPG experiments, none of the behaviors prior to the first phloem-associated 

waveforms were sigm'ficantly different between the resistant and susceptible lines. 

Aphids were able to reach the phloem and puncture sieve elements on both genotypes, as 

indicated by the im'tiation of waveform El. But the rare occurrence of transition from El 

to E2 on AR5 showed that aphids had difficulty feeding on these resistant plants. The El 

waveform may involve the ingestion of small quantities of phloem sap for sampUng by a 

gustatory organ in the aphid foregut (Wensler and Filshie, 1969). Chemical solutes of the 

phloem sap may then evoke rejection of the feeding site in resistant plants. However, 

such factors would probably be translocated systemically, and Kennedy and Kishaba 

(1977) did not detect translocation of resistance across graft unions between resistant and 
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susceptible melon plants. Low molecular weight compounds would be expected to travel 

freely across graft unions; phloem proteins as large as 96 kDa have been observed to 

translocate across intergeneric grafts within the Cucurbitaceae (Golecid et al. 1999). 

Kennedy et al. (1978) used the AC monitoring technique to compare probing 

behaviors of A, gossypii on resistant melon line 91213 (derived from PI 371795, the 

donor parent for resistance in AR 5), with that on a susceptible line, PMR 45. They 

found that a greater percentage of stylet penetrations included stylet contact with phloem 

sieve elements in resistant plants, and suggested that the resistance factor may be 

localized in the phloem. Two important features distinguish the present study's EPG 

analysis from that of Kennedy and coworkers. First, in the present study, aphid resistant 

and susceptible melon lines that have highly uniform genetic backgrounds were 

compared, whereas the previous study compared genotypes of quite dissimilar genetic 

backgrounds. Second, a DC EPG system was used in the present study, rather than the 

AC system used by Kennedy's group. Certain waveforms generated by these two 

systems may be approximately analogous, but a pertinent difference here is that the DC 

system distinguishes between two separate phloem-associated behaviors (salivation and 

sap ingestion, represented by waveforms El and E2, respectively), whereas the AC 

system has only one phloem-associated waveform, the "XI sequence", presumed to 

indicate phloem sap ingestion (McLean and Kinsey 1967). 

Given the differences between the two studies it is not surprising that their results 

did not entirely overlap, although both point to a phloem-localized resistance mechanism. 

The only statistically significant result from the earlier study showed that a greater 
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proportion of aphid probes led to the XI waveform ("phloem sap mgestion" or, in fact, 

sieve element contact of an unspecified nature) on resistant line 91213 than on 

susceptible PMR 45. Since the difference between salivation and ingestion could not be 

determined, the relevance of this result to a resistance mecham'sm is unclear. The authors 

also showed a greater duration of phloem sap ingestion &om sieve elements during a 5 h 

period on PMR 45 (27.0 min), compared to 91213 (8.3 min). This trend is consistent 

with the present study's finding of no sustained ingestion (E2 waveform) on AR 5 during 

the 3 h experiment The greatest similarity between this study and that of Kennedy et al. 

(1978) lies in the proportion of phloem contacts that led to ingestion from sieve elements 

on susceptible plants. In the current study, a statistically significant, 3.8-fold greater 

proportion of aphids achieved sap ingestion on PMR 5 (76%) than on AR 5 (20%), while 

Kennedy et al. (1978) saw a 3.5-fold difference between PMR 45 (14%) and 91213 (4%). 

One of the more intruiging contributions of thepresent study is that sieve element 

salivation (waveform El) lasted significantly longer in resistant line AR 5, and that most 

aphids on this line were apparently unable to progress from this phase to achieve 

sustained sieve element ingestion (waveform E2). 

The feeding behavior of A. gossypii has also been compared by electronic 

monitoring of the aphid on the NILs Margot and V^drantais. Chen et al. (1997), using 

DC EPG techm'ques, examined feeding behaviors of A. gossypii on these two lines and 

concluded that the effects of this Korean source of resistance are also expressed in 

phloem tissue. In the same report, evidence from artificial diet experiments led them to 

conclude that the resistance factor is a soluble component of the phloem sap. Since it is 
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unknown whether the same resistance mechanism is present in Margot and AR S, it is 

unclear whether this result conflicts with the grafting studies by Kennedy and Kishaba 

(1977). Possibly, as a soluble resistance factor crosses the graft union to a susceptible 

plant it is diluted to the point of causing no observable effect on the aphid. 

In the present study, the alteration of phloem-associated probing behaviors of A. 

gossypii on AR S corresponds to a dramatic inhibition of feeding, as measured by 

honeydew excretion rates. The results presented in Figure 2.3 show a consistently lower 

feeding rate during the first 12 h of leaf contact for aphids on AR 5. Resistance also acts 

to delay feeding, since excretion began as early as the Hrst hour on PMR 5 and not until 

the sixth hour on AR S. These differences corroborate the EPG results, discussed above. 

Although one cannot statistically compare the duration of E2 waveforms (see results and 

Table 2.2), the evidence from data presented in Figure 2.2 and from the honeydew 

monitoring experiments indicate that phloem sap ingestion is greatly reduced on resistant 

lineARS. 

The combined results of this and other studies on the interactions between A. 

gossypii and melon (Kennedy and Kishaba, 1977; Kennedy et al. 1978; Chen et al. 1997) 

provide evidence for one or more mechanisms of resistance. An emerging central 

question focuses on whether resistance is mediated by soluble components of phloem 

sap. Data from the present study's EPG experiment showed that a critical phase of leaf 

penetration by A. gossypii on AR S occurs during waveform El. Evidence from a virus 

transmission study has linked El with secretion of watery saliva into sieve elements 

(Prado and Tjallingii, 1994), but the function of this secretion is unclear. Soluble phloem 
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sap chemicals may be detected by the insect during the initial penetration of a sieve 

element and, on resistant plants, this could lead to rejection of that potential feeding site. 

The greater duration of the El waveform on NIL AR 5 indicates that, if chemical 

constituents of the phloem sap are repellent, their effect is not immediate. Rather, the 

insect may be taking multiple gustatory samples during this longer period of sieve 

element evaluation to gain more reliable information regarding the quality of its feeding 

site. 

The longer duration of El waveforms on NIL AR 5 could also be due to 

suppression of a plant defense involving the physical blockage of sap ingestion. Chen et 

al. (1997) compared volumes of sap exuded from excised A. gossypii stylets in either 

Margot or V^drantais, and found that a significantly smaller volume was collected from 

the resistant melon NIL Margot. Caillaud and Neimeyer (1996) observed similar results 

with wheat lines resistant or susceptible to Sitobion avenae (grain aphid). Tjallingfi 

(1994) proposed that salivation into the sieve element during waveform El may alter the 

redox potential of the phloem sap, thus preventing the polymerization P-proteins. As 

discussed in the first chapter of this dissertation, callose deposition might also be a plant 

response to stylet penetration of sieve elements. Callose is rapidly deposited at the 

plasma membrane of sieve elements in response to external stimuli such as wounding, 

and Shinoda (1993) repotted higher levels of A. gossypii-\nd\xc&d callose deposition on 

AR 5 than on PMR 5. 

Such defenses against feeding nught have been suppressed more quickly in the 

susceptible NIL PMR S, where the short duration of individual El events before E2 
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(median = 36 s) suggests that the initial phase of the stylet-sieve element interaction was 

rapidly succeeded by phloem sap ingestion. El events that did not result in a transition 

from El to E2 may represent unsuccessful attempts to overcome a phloem-localized 

defense. On the susceptible NIL PMR S, penods of El that led back to pattern C were 

longer than those leading to E2 (sap ingestion). Similarly, the greater duration of El on 

AR 5, compared with PMR S, might have reflected a difHculty in overcoming a defense 

response by resistant plants. Aphids probing on resistant melon NIL AR 5 might 

eventually overcome a stylet-induced defense response for brief periods, permitting 

attenuated rates of phloem sap ingestion. Feeding reduced in this way could account for 

the altered pattern of honeydew excretion reported in this study and, ultimately, the 

pronounced effects of resistance on aphid life history traits. 

The experiments using individual aphids in this chapter characterized the effects 

of resistance in melon to over three time scales. The three-hour EPG experiments 

demonstrated that resistance acts when the stylets penetrate phloem sieve elements, 

causing a prolongation of sieve element salivation by several minutes and an inhibition of 

phloem sap ingestion. During the twelve-hour excretion analysis, resistance caused a 

delay in honeydew production (and, by inference, in feeding) by five hours. Moreover, 

this delayed onset of feeding was accompanied by a sigm'ficant reduction in feeding rate. 

Over a span of weeks, aphids feeding resistant plants showed delayed development, 

lower reproduction, and higher mortality. In sunmiary, these experiments describe a 

form of antibiosis that acts rapidly to inhibit feeding at the level of the phloem sieve 

element and continues to reduce performance throughout the lifetime of A. gossypii. 
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Experiments using populations of aphids, confined to leaf cages, provided a 

clearer view of the way resistance might affect aphid colonization of melon in the field, 

and ofTer important information for conducting physiological and genetic analyses of the 

resistance trait. In 9 days (less than 2 aphid generations) the resistance trait in AR 5 

caused a 93% reduction in population size. The difference between populations on these 

NILs would likely be amplified many-fold over the course of a growing season. The fact 

that resistance is not completely lethal and permits a low level of population growth on 

the host suggests that it would not impose a high selection pressure for the breakdown of 

resistance by the insect The method used for measuring population development is an 

efficient means of testing the phenotype of plants with unknown resistance genotypes. 

Furthermore, the study of the resistance trait's developmental expression over various 

stages of leaf expansion indicates that the phenotype has a rather uniform expressivity 

throughout the plant. These results have practical implications for further analysis of the 

trait, particularly genetic analysis, since they suggest that relatively little care need be 

taken in standardizing for leaf age when testing the phenotypes of large numbers of plants 

in a population segregating for resistance. 
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3. BIOCHEMICAL AND PHYSIOLOGICAL ANALYSES 

OF APHID RESISTANT MELON 

INTRODUCTION 

In the previous chapter, electronic monitoring of A. gossypii probing on resistant 

melon pointed to the phloem sieve element as the sight in which resistance exerts its 

effect on the aphid. A review published research on this plant-aphid interaction raised 

the question of whether the phloem-localized factor might be soluble and translocated, or 

insoluble and non-transmittable through graft unions of resistant and susceptible plants. 

A factor that is translocated could take the form of a toxic or deterrent 

allelochemical in the phloem sap. This is supported by the work of Chen et al. (1997), 

who incorporated ethanol-soluble extracts from phloem exudates of melon into an 

artificial diet, using either the resistant melon line Margot or its susceptible recurrent 

parent, V^drantais. They observed significantly increased abandonment by A. gossypi 

over time from the diet containing the Margot extract, compared to aphids offered a diet 

with extract from Vedrantais. These results suggested the presence of a detenent 

compound in the sap of Margot that is not present or is inactive in Vedrantais. However, 

in the same report, biochemical comparisons of phloem exudate constituents from Margot 

and Vedrantais failed to identify any specific compound that could plausibly account for 

the reduction in settling observed in experiments with extracts of total exudates. 



67 

In spite of the reduced aphid settling on diets with extracts from resistant plants, 

the fact that no biochemical differences between resistant and susceptfl)le plants have 

been identified suggests that resistance mecham'sms involving physical bam'ers to feeding 

are worth investigating. Such mecham'sms would be consistent with the work of 

Kennedy and Kishaba (1977), who did not detect transmission of the aphid resistance 

phenotype across graft unions between resistant and susceptible melon genotypes, 

regardless of the root stock-scion combination. Two general hypotheses of aphid 

resistance in melon will be tested in this chapter the first examines the role of phloem 

proteins and the second examines the role of callose deposition. 

Soluble proteins in the phloem sap might have an important role in^. gossypii 

resistance. Cucurbits are known for their exceptional abundance of phloem protein CP-

protein), which can reach concentrations of 10 to 40 ^g/^L (Thompson and Schulz 

1999). When the sieve tube is ruptured by wounding, P-protein is rapidly oxidized and 

polymerizes to form occlusions at sieve plates. This raises the possibility that some 

property of the sieve element-companion cell complex in resistant plants triggers the 

polymerization of P-proteins in response to aphid probing, which blocks sap ingestion. 

Alternatively, the aphid might suppress an induced protein polymerization in susceptible 

plants, while a factor in resistant plants blocks the aphid's suppression of this defense 

response. 

Since cucurbits exude large quantities of protein-rich sap when a stem or petiole 

is cut, it is relatively easy to isolate and analyze the more abundant P-proteins. Analysis 

of these exudates by sodium dodeqrlsulfate-polyacrylamide gel electrophoresis 
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(SDS-PAGE) reveals a relatively simple protein profile of about 20 major polypeptides. 

In Cucumis spp., two predominant proteins of approximately 25 and 17 IcDa represent a 

class of chitin-binding lectins that has only been characterized in cucurbits (Bostwick et 

al. 1992,1994; Dannenhoflferetal. 1997; Van Damme et al. 1998). Other plant lectins 

have been shown to be toxic to aphids in artificial diets or in transgenic plants (Rahbe and 

Febvay 1993; Cole 1994; Gatehouse et al. 1995,1996). The presence of abundant, 

chitin-binding, phloem lectins in an aphid host with phloem-localized resistance warrants 

analysis of these proteins for their possible role in the resistance mecham'sm. In this 

chapter, comparisons of phloem exudate proteins will be made between resistant and 

susceptible melon genotypes to test for quantitative or qualitative features associated with 

the resistance phenotype. 

Callose, a 1,3-P-glucan polymer, may also be important in aphid-plant 

interactions, as some plant species accumulate localized concentrations of the substance 

in response to aphid probing (Evert et al. 1968; Wood et al. 1985; Kaakeh 1989). 

Traym'er and Hines (1987) reported on callose deposition in leaves for five different 

plant-aphid interactions. Using aniline blue staining and fluorescence microscopy, they 

observed more numerous and heavier callose deposits when aphids probed leaves of non-

host species or a resistant variety of a host species, compared to aphids probing 

susceptible hosts. Aphid-induced callose deposition has also been studied in melon. 

Shinoda (1993) examined callose deposition in the aphid-resistant, nearly isogenic line 

(NIL) AR 5 after inf^tation with A gossypiL Infested leaves of AR 5 showed more 

rapid, more numerous, and heavier callose deposits than leaves of the susceptible 
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recurrent parent, PMR S. Several other susceptible melon varieties showed responses 

similar to that of PMR 5. Plants conunonly respond to fungal attack by depositing 

papillae composed of callose, which apparently block penetration of fungal haustoria 

(Aist 1976). Callose deposition has been implicated as a mechanism of host resistance to 

several pathogens, including downy mildew and powdery mildew of melon (Cohen et al. 

1989; Cohen et al. 1990), downy mildew of Arabidopsis (Parker et al. 1993), and 

powdery mildew of barley (Bayles et al. 1990). Microscopically visible callose 

deposition can occur within a few minutes of a wound stimulus, while the removal of 

deposits takes place over days (Galway and McCully 1987). Experiments in the second 

part of this chapter will address the hypothesis that the physical blocking of aphid stylets 

by callose deposition plays a role in this aphid resistance mechanism. Aphid 

performance will be tested in response to treatment of plants with a chemical inhibitor of 

callose deposition, 2-deoxy-D-glucose. Finally, properties of callose synthase will be 

compared between NILs AR 5 and PMR 5. 
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MATERIALS AND METHODS 

Collection and modification of P-proteins 

P-protein profiles were examined in four aphid-resistant (R) and four susceptible 

(S) melon genotypes. The genotypes were: PI 371795 (R); "Green Flesh" honeydew (S); 

NILS AR 5 (R) and PMR 5 (S); NILs AR Top Mark (R) and Top Mark (S); NILs AR 

Hale's Best (R) and Hale's Best (S). Plants were grown in a sandy loam soil mix, in 10 

cm pots, at 23°C with a 16 h light, 8 h dark photoperiod. Four weeks after sowing, 

phloem exudate was collected and pooled from cut intemodes of four to seven plants per 

genotype, with total volumes ranging from 45 to 60 jiL per genotype. As they were 

collected, exudates from each genotype were diluted 1 ;4 in ice-cold buffer consisting of 

O.I M Tris-HCl pH 8.2,5 mM EDTA, O.l mM phenylmethylsulfonyl fluoride, and 20 

mM DTT (Read and Northcote 1983). The samples were nucro-centrifliged for 2 nun. at 

14,000 rpm, and the supematants were transferred to clean microfiige tubes and kept on 

ice 30 min. To prevent cross-linking of sulfhydryl groups, proteins were acetylated by 

adding 0.6 M iodoacetic acid to each tube to a final concentration of 60 mM, and 

incubated on ice in the dark for 30 min. The acetylation reaction was stopped with the 

addition of DTT to a final concentration of 20 mM. Protein samples were precipitated in 

a 67% saturated solution of ammonium sulfate. The precipitated samples were micro-

centrifuged 5 min at 10,000 rpm, and pellets were resuspended in 500 (iL of a buffer 

consisting of I mM Tris-HCl pH 8.2 and 5 mM DTT. The resuspended samples were 
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dialyzed at 4°C for two days against this same buffer. A 1-L volume of dialysis buffer 

was changed at regular intervals, using a total of 4 L buffer. Protein in samples was 

quantified using a Bradford assay (Bio-Rad Laboratories). 

Lectin purification 

For each melon genotype, the 25 and 17 kDa lectins were isolated by ovomucoid 

binding, based on the method of Read and Northcote (1983). Five hundred milligrams of 

ovomucoid-acryl beads (Sigma) were equilibrated in binding buffer (SO mM Tris-HCl pH 

8.2,500 mM NaCI, 3 mM NaNj, 2 mM EDTA, 0.5% Triton X-100,20 mM DTT). 

Thirty micrograms of modified exudate protein was added to binding buffer to make a 

total volume of 100 ^L. This volume was added to 20 fiL ovomucoid-aciyl beads, with 

constant mixing at 4°C for 1 h. The sample was micro-centrifuged 1 min, and the 

supernatant was discarded. The matrix was washed three times at room temperature by 

resuspension in 1 mL binding buffer, followed by centrifugation. The bound protein was 

eluted with 100 ^L ImM tri(iSr-acetyl-D-glucosamine), also known as chitotriose (Sigma), 

with constant mixing at 4 "C for 30 min. The eluate was removed and the matrix was 

washed twice at room temperature with 100 ^L 1 mM chitotriose. Wash volumes were 

combined with the eluate and the total sample was vacuum dried and resuspended in 20 

ftL water. 
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Eletrophoresis and staining of proteins 

Acetylated total phloem exudate samples and ovomucoid-purified samples were 

separated by SDS-PAGE in 20% aciylamide gels (Laemmli 1970). Five micrograms 

acetylated protein and 5 ^L ovomucoid-punfied protein were loaded for each melon 

genotype. Following electrophoresis, proteins were visualized by silver staining and 

photographed. 

2-deoxy-D-glucose (DDG) treatment and infestation of plants 

The effect of 2-deoxy-D-glucose (or di-deoxy-D-glucose, DDG) treatment of 

plants on aphid performance was tested in two separate factonal experiments that differed 

primarily in numbers of plant replicates and ages of aphids used to infest plants. For both 

experiments, plants of NILs AR S and PMR 5 were grown in lO-cm diameter plastic pots 

in a controlled environment growth chamber at 26 "C under 16 h light, 8 h dark, with a 

relative humidity of approximately 60%. Pots were arranged in a randomized complete 

block design two weeks after sowing. Plants were subjected to treatments 30 d after 

sowing in experiment 1, and 25 d after sowing in experiment 2. In both experiments, 100 

mL l.S mM DEKx or 100 mL 1.5 mM glucose was slowly poured onto the soil surface of 

each pot The soil was diy enough at this time to prevent any significant volume from 

draining out of the bottom of the pot Plants were infested with A. gossypii 20 to 24 h 

after the soil drench treatment, and were watered equally as needed during the remainder 
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of the experiment In experiment 1, a cohort of three 7-day-old apterous (wingless) 

adults that had developed on "Green Flesh" honeydew were placed in a leaf cage on the 

abaxial surface of the third true leaf of each plant. There were eight plants of each 

genotype for the DDG treatment, and five plants of each genotype for the glucose 

treatment. Three days after infestation, cages were removed and the total number of 

aphids on each plant was counted. In experiment 2, plants were infested as in the first 

experiment, except that the 3 aphids were 3-day-old apterous nymphs at the time of 

infestation. There were six plants of each genotype for both soil treatments. Four days 

after infestation, cages were removed and the total number of aphids on each plant was 

counted. The widths of infested leaves, defined as the longest measurement across the 

leaf blade (perpendicular to the petiole), were recorded at the time of infestation and 

again at the time of aphid counting. Data were subjected to a factorial ANOVA 

(StatView software. Abacus Concepts), with plant genotype and soil treatment as main 

effects. 

Isolation of microsomes from melon leaves 

The third true leaves of four-week-old plants of NILs AR S and PMR S were cut 

into 1-cm^ pieces (a total of 25 g for each genotype) and homogenized in a Polytron 

homogenizer, in 75 mL ice-cold homogenization buffer. All steps in the isolation 

procedure were carried out at ice temperature (0 °C to 2 °C). The buffer consisted of 0.1 

M HEPES-NaOH pH 7.0; 0.25 M sucrose; 10 mM EDTA; 5 mM DTT; 0.1 mM 
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phenylmethylsulfonyl fluoride; 10 Pepstatin A; 2% (w/v) polyvinyl-pyrolidone; and 

2% (w/v) BSA. The homogenates were filtered through cheesecloth and centrifiiged 10 

min. at 10,000 x g. Supematants were centrifiiged 30 min at 50,000 x g to obtain 

microsomal pellets. Pellets were resuspended in 2 mL suspension bu£fer containing: 10 

mM HEPES-NaOH pH 7.0; 0.25 M sucrose; 1 mM EDTA. 

Aqueous two-phase partition of microsomes 

Plasma membrane-enriched and endomembrane-enriched microsomal fractions 

were obtained using an aqueous two-phase partition method (reviewed by Sandelius and 

Morr^ 1990) A bulk phase system was first prepared to provide the equilibrated upper 

(40% polyethylene glycol, or PEG) and lower (20% Dextran T 500) phases, based on the 

method of Widell and Larsson (1987). Membrane isolation procedures were also adapted 

in part from the methods of Schmele and Kauss (1990). The buffer for the bulk phase 

system consisted of 4-fold-concentrated suspension buffer; 1 M sucrose; 40 mM 

HEPES-NaOH pH 7.0; 4 mM EDTA. After the upper and lower phases were 

equilibrated and separated, 2.2 g of each microsomal suspension was added to the 

following components in a 15 mL tube: 1.23 g 40% PEG (the equihbrated upper phase); 

2.47 g 20% Dextran (the equiUbrated lower phase); 2.00 g 4-fold-concentrated 

suspension buffer; 0.10 g H2O. The tube was inverted 20 times, placed on ice 5 min, and 

centrifiiged 3 min at 1,000 xg. Ninety percent of the upper phase was transferred to a 

new tube containing 2.5 g fiesh lower phase, while 4.5 mL fi^sh upper phase was added 
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to the original lower phase and interphase. Both tubes were mixed and centrifiiged as 

before. Kinety percent of the upper phases of each tube were removed and combined into 

a single fresh tube. The remaining lower phase and interphases from each tube were also 

combined into a fresh tube. The combined upper phase fraction (enriched for plasma 

membrane) was diluted 8-fold with a buffer consisting of 10 mM BffiPES-NaOH pH 7.0 

and 1 mM EDTA. The combined lower phase and interphase fraction (enriched for 

endomembranes) was diluted 10-fold with this same buffer. Both fractions were 

centrifiiged for 1 h at 100,000 x g. The pellets were resuspended in 1 mL 50 mM 

HEPES-NaOH pH 7.0 and 1 mM DTT. Microsomal protein was quantified using a 

modified Lowry assay (Sigma). Samples were divided into aliquots and stored at -80 °C. 

Isolation of microsomes from etiolated seedlings 

Approximately 70 melon seed each of NILs AR 5 and PMR 5 were germinated in 

vermiculite and grown in the dark until seedlings reached a height of 8 to 10 cm. The 

entire aerial portions (hypoctyl and cotyledons) of the seedlings were harvested. Twelve 

grams tissue of each genotype was homogenized with a Polytron homogenizer in 25 mL 

of the same buffer as that used for homogenizing whole leaves (see above). All steps in 

the isolation procedure were carried out at ice temperature (0 "C to 2 "C). The 

homogenates were filtered through cheesecloth and centrifiiged 10 min at 10,000 x g. 

Supematants were centrifiiged 30 min at 50,000 xg to obtain microsomal pellets. Pellets 

were drained and resuspended in 10 mL buffer containing 50 mM HEPES-NaOH pH 7.0, 
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1 mM DTT. Volumes were brought to a total of 32 mL with this same buffer. Samples 

were centrifuged 30 min at 50,000 x g and pellets were resuspended in I mL of the same 

resuspension buffer. Samples were divided into aliquots and stored at -80 °C. Total 

microsomal protein was quantified with a modified Lowry assay (Sigma). 

Immunoblot analysis of microsomal proteins 

Three micrograms microsomal protein from etiolated melon seedlings was 

separated with SDS-PAGE in 12.5% acrylamide gels (Laemmli 1970). Following 

electrophoresis, proteins were transferred to Immobilon-P nitrocellulose membranes 

(Millipore) using a Tris-glycine buffer (Towbin et al. 1979). Immunoblots were 

incubated in antisera raised against either the 70 kDa or 55 kDa subunits ofPistm 

sativum (pea) callose synthase (Dhugga and Ray 1994); these antisera were kindly 

provided by K.S. Dhugga. The antisera were diluted in TTBS (20 mM Tris pH 7.4,500 

mM NaCl, 0.15% [v/v] Tween 20) before incubation with the blots in TTBS buffer plus 

3% powdered milk. The anti-70 kDa antiserum was diluted 1 ;2,500 and the anti-55 kDa 

antiserum was diluted I ;30,000. Following antiserum incubation, blots were washed in 

TTBS and incubated with alkaline phosphatase-conjugated, goat anti-rabbit IgG. 

Inmiuno-reacti'ons were visualized by color development with 5-bromo-4-chloro-3-

indolyl phosphate p-tolm'dine salt (BCIP) and />-nitio blue tetrazolium (NBT). 
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Callose synthase activity assays 

Microsomal protein was assayed for callose synthase activity by measuring 

incorporation of undine diphosphate glucose, [glucose-U-'̂ C], into 1,3-P-glucan 

polymers, based on the method of Dhugga and Ray (1994). The standard reaction buffer 

contained 50 mM HEPES-NaOH pH 7.0; 20 mM cellobiose; 300 fiM spermine; 0.04% 

digitom'n; 10 nCi uridine diphosphate glucose, [glucose-U-'̂ C]; varying amounts of 

unlabeled uridine diphosphate glucose (UDP-glucose); and varying amounts of CaCli. In 

a typical reaction, 1,4,5, or 6 ^g microsomal protein was added to a buffer of 50 mM 

HEPES-NaOH pH 7.0 and I mM DTT to a final volume of 40 ^L. The reaction was 

started by adding 10 of a 5-fold-concentrated reaction buffer to the 40 microsomal 

suspension. The reaction tube was incubated at 25 "C for 10 min, and the reaction was 

stopped with the addition of 2 mL 70% ethanol. The tube contents were vacuum-filtrated 

through a 2.4 cM GF/A filter (Whatman). The filter was washed by vacuum filtration of 

an additional 15 mL 70% ethanol, air dried, and placed in a vial of liquid scintillant. 

Radioactivity was recorded with a liquid scintillation counter to determine the amount of 

radio-labeled reaction product bound to the filter. Two replicate reactions were 

performed for each genotype-treatment combination. 



78 

RESULTS 

Total exudate proteins and phloem lectins 

Figure 3.1 shows the results from SDS-PAGE and silver staim'ng of total exudate 

proteins and phloem lectins for eight melon genotypes that are resistant or susceptible to 

A. gossypii. In the gel with total exudate proteins there were approximately 12 to IS 

major polypeptides for all genotypes, with molecular masses ranging from approximately 

8 to 45 kDa. Larger polypeptides, including the phloem filament protein, were not 

resolved in these high-concentration (20%) acrylamide gels. Several differences were 

found with respect to some polypeptides of relatively low abundance, although none of 

these differences appear to correspond to the aphid resistance phenotype. In the gel with 

ovomucoid-purifled samples, all genotypes yielded two polypeptides with molecular 

masses expected for the Cucumis phloem lectins, 17 and 25 kDa. No conspicuous 

differences were detected between genotypes in the staim'ng intensity of either of these 

proteins. 
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Figure 3.1. SDS-PAGE of total phloem exudate proteins (left panel) and ovomucoid-
purified phloem lectins (right panel) from eight melon genotypes. Genotypes are 
indicated with numbers above each lane: 1 = PI 371795; 2 = "Green Flesh" honeydew; 3 
= AR Top Mark; 4 = Top Mark; 5 = AR Hale's Best Jumbo; 6 = Hale's Best Jumlw; 7 = 
AR 5; 8 = PMR 5. Aphid resistance (R) or susceptibility (S) of each genotype is 
indicated below each lane. Molecular mass markers are positioned in the outer lanes of 
each gel; masses in kDa are indicated between the gels. 
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Efifects of DDG on aphid performance and plant growth 

Aphid performance was affected by soil treatment with the inhibitor of callose 

synthesis, DDG, in markedly different ways between the two experiments. Figure 3.2 

summarizes the results of each experiment, showing the degree of interaction between 

plant genotype and soil treatment for aphid population growth and leaf expansion. Table 

3.1 presents values of P for the main and interaction effects in each experiment. In 

experiment 1, DDG treatment led to slightly lower population growth for both genotypes. 

The effect of plant genotype on aphid numbers was highly sigm'ficant, regardless of soil 

treatment. Leaf expansion, as measured by the difference in leaf width between the 

beginning and end of the infestation period, was significantly different between 

genotypes and between treatments. A significant genotype-by-treatment interaction was 

observed, with PMR S's leaf growth more sensitive to inhibition by DDG than that of AR 

5. The overall average initial width of infested leaves in experiment 1 was IDS mm. In 

experiment 2, aphid populations showed more complex responses to DEKj than in 

experiment 1; aphids responded in opposite ways on the two genotypes. On PMR 5, 

populations were significantly reduced by the chemical inhibitor (P = 0.035). In contrast, 

populations on AR S showed a non-sigm'ficant trend toward an increase in response to the 

inhibitor (P = 0.192). These results led to a significant genotype-by-treatment interaction 

for population growth (Table 3.1). The sigm'ficant inhflsitory effect of chemical treatment 

on leaf expansion was statistically equivalent for the two genotypes in experiment 2. The 

overall average initial width of infested leaves in experiment 2 was 70 mm. 
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Figure 3,2, Effect of soil treatment with DDG or glucose on aphid population development (panels A and B) and leaf 
expansion (panels C and D) for NlLs AR S and PMR S. Panels A and C summarize experiment 1; panels B and D summarize 
experiment 2. Standard error bars are shown. 
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Table 3.1. Values of P for main and interaction effects of soil treatment and plant 
genotype on total aphids and leaf expansion. Results firom experiments 1 and 2 are 
shown. 

Values o f P  
Variable Experiment Genotype Treatment Genotype x Treatment 

Total aphids 1 <0.0001 0.056 0.825 
2 0.023 0.271 0.015 

Leaf expansion I 0.017 <0.0001 0.017 
2 0.821 0.0003 0.265 
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Immunoblot analysis of callose synthase subunits 

Antisera raised against the 55 kDa and 70 IdDa subunits of callose synthase from 

pea cross-reacted with polypeptides in microsomal preparations from melon NILs AR 5 

andPMR5. Figure 3.3 shows immunoblots probed with both antisera. The anti-55 kDa 

antiserum cross-reacted with a single polypeptide of approximately 60 kDa in both melon 

genotypes. The anti-70 kDa antiserum cross-reacted with a two polypeptides of 

approximately 70 and 72 kDa in the two genotypes. Microsomal proteins from AR 5 and 

PMR 5 showed color reactions of similar intensity for all three polypeptides, suggesting 

that no differences existed in abundance of these polypeptides between the two NILs. 

Callose synthase activity 

Microsomal protein preparations from melon leaves and etiolated melon seedlings 

showed dosage-dependent increases in synthesis of 1,3-p-glucan polymer, in response to 

substrate (UDP-glucose) or calcium ion concentrations. A wide range of reaction 

conditions was tested for each type of microsome preparation. When the activity of 1 ^g 

protein from the plasma membrane enriched fractions from whole leaves was compared 

with the endomembrane ennched fractions, the activity in the plasma membrane fraction 

was 21-fold higher for both genotypes (mean = 2751 +137 cpm) than the corresponding 

samples from the endomembrane-enriched fractions (131 j: 5 cpm), with activity of the 

latter samples equivalent to the no-protein control reactions. The endomembrane 
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enriched fractions were not used in any additional experiments. Figure 3.4 shows results 

from four representative experiments on plasma membrane-enriched and total 

microsomes, with substrate and effector concentrations in the linear range of the dosage-

response curves. Overall, no pronounced or consistent differences were observed in 

en^me activity between the NILs AR 5 and PMR 5. In several experiments, there was a 

slight trend toward higher activity in preparations from AR S than those of PMR 5. The 

experiment with the clearest differences is sunmiarized in Figure 3.4 (panel A, lower 

graph). In this experiment activity was significantly higher overall for AR S (P < 

0.0001); a significant genotype-by-treatment interaction (P = 0.020) suggests that enzyme 

activity from AR 5 was more sensitive to increasing calcium ion concentration. No 

experiments showed consistent trends of PMR 5 samples having greater activity than AR 

5 samples. 
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Figure 3.3. Immunoblots of melon microsomal protein probed with antisera against 
callose synthase subunits. Three micrograms microsomal protein was loaded in each lane 
and probed with antisera against the 70 IcDa (upper panel) and 55 kE)a (lower panel) 
subunits of the callose synthase enzyme complex from Pisum sativum. Labeled arrows 
indicated the approximate molecular masses of the polypeptides in each blot. 
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Figure 3,4, Callose synthase activity in response to increasing substrate (upper graphs) or increasing calcium (lower graphs). 
Reactions with varying UDP-glucose concentration contained 2 mM CaCU; reactions with varying CaCh concentration 
contained 0,5 mM UDP-glucose. Graphs in panel A show activity of plasma membrane-enriched microsomes from whole 
leaves; 5 fig protein was used in both experiments. Graphs in panel B show activity of total microsomes from etiolated 
seedlings; experiments in panel B used either 6 ^g protein (upper graph) or 4 ^g protein (lower graph). Bars represent 
standard errors. 
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DISCUSSION 

The identities and functions of only a small portion of the proteins within the 

mature sieve element are known (Thompson and Schulz 1999). It is reasonable to 

hypothesize that one or more phloem proteins play an important, even direct, role in 

defense against >1. gossypii in melon. One means of addressing this hypothesis was by 

examining total phloem exudate proteins from resistant and susceptible melon genotypes 

by SDS-PAGE. Minor differences in protein profiles were observed between the 

genotypes (Figure 3.1). Some of these differences might have been due to 

environmentally or genetically controlled vanation in protein characteristics, or in redox 

conditions of the phloem sap among the melon lines. However, no differences were 

observed that corresponded to presence or absence of the aphid resistance trait This 

negative result in no way refutes the hypothesis that a soluble, resistance-associated 

protein is present in the phloem sieve element The method used in this study is able to 

detect only the most abundant proteins in phloem exudate, to the exclusion of a large 

majority that may be present in much lower quantities. Two-dimensional gel 

electrophoresis, a method in which proteins are separated based on isoelectric point as 

well as mass, would be a more powerful (but far from definitive) way of testing the 

hypothesis. However, a resistance-associated protein ought be present in amounts well 

below the level of detection that is possible by standard electrophoretic methods, or may 

not be distinguishable from its alleh'c counterpart in susceptible plants. 
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The lack of obvious differences in abundance or chitin-binding properties of the 

17 and 25 kDa phloem lectins suggests that neither protein plays a role in the aphid 

resistance mecham'sm. This is not entirely surpnsing, considering evidence from studies 

of a homologous protein in Cucurbita, PP2. These studies suggest the lectin plays a more 

fundamental role in phloem physiology than defense against a speciHc orgam'sm. 

Cucurbita PP2 forms a homodimer in solution and has been shown to interact covalently 

with the phloem filament protein, PPl, via disulfide linkages (Kleinig et al 1975; Read 

and Northcote 1983). Studies by Sabnis and Hart (1979) and Smith et al. (1987) led to 

the hypothesis that the carbohydrate binding property of PP2 allows it to bind to 

glycoconjugates of the sieve element reticulum, which could assist in anchoring phloem 

filaments at a stable position within the translocation stream. However, differences in the 

developmental expression patterns of PP2 between the fascicular and extrafascicular 

phloem suggest a complex and dynamic model for the role of this protein in phloem 

function (Dannenhoffer et al. 1997). It has also been hypothesized that PP2 is involved 

in the gelation of P-protein during the sealing of sieve tubes ruptured by wounding 

(Eschrich 1975; Schulz 1986). Less is known about the 17 and 25 kDa Cucumis phloem 

lectins, although their similarity to Cucurbita PP2 in terms of sequence homology, N-

acetyl-D-glucosamine (chitin) binding, and companion cell-specific expression, (Clark 

and Thompson, unpublished data) suggests they serve a similar function. In spite of the 

SDS-PAGE results, it is still possil)le that a connection exists between the postulated role 

of P-proteins in wound sealing and the phioem-Iocatized mecham'sm of defense against 

A. gossypii. 
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An analysis of P-proteins by SDS-PAGE following aphid infestation could shed 

more light on an aphid resistance mechanism than the experiments reported in this 

chapter. Resistant and susceptible melon genotypes might respond differently to aphid 

colom'zation in ways that would lead to differences in the abundance of certain proteins in 

the phloem. The identification of such proteins could provide useful information, 

possibly leading to more educated hypotheses for the resistance mecham'sm. 

The glucose analog 2-deo^-D-glucose (DDG) is known to block the 

accumulation of callose in higher plants (Stone and Clarke 1992). Biological functions 

associated with callose deposition have been investigated in several plant species using 

DDG, typically by spraying whole plants with the compound, growing plants in a 

hydroponic solution with the compound, or by floating explants in DDG solutions. These 

studies have linked callose deposition with plant traits such as thigmomorphogenesis in 

common bean (Jaffe et al. 198S), powdery mildew resistance in barl^ (Bayles et al. 

1990), and resistance to a root fungus in lettuce (Stanghellini et al. 1993). The precise 

mecham'sm of callose inhibition is unclear. DDG has a general effect as an inhibitor of 

protein glycosylation in many orgam'sms (Schwarz and Datema 1980). In the plant cell, 

it may conjugate with UDP (Morrow and Lucas 1987), reducing the amount available for 

the formation of UDP-glucose, a substrate not only of callose synthase, but also of 

cellulose synthase. In plants DDG is known to replace glucose in phosphate complexes 

(Herold and Lewis 1977), possft>ly leading to a general depletion of usable inorganic 

phosphate in the cell. Thus, the compound can have a broad range of effects on plants, 

b^ond the specific effect of blocking callose deposition. 
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Experiments in this study employed DDG to test the hypothesis that blocking 

callose deposition in resistant NIL AR 5 would weaken the aphid resistance phenotype. 

It was anticipated that excessive application of DEKr to the soil of potted melon plants 

could have detrimental effects on plant growth. Indeed, pilot experiments with a range of 

DDG concentrations indicated that 1.5 mM DDG, the concentration used in this study, 

was near the maximum dose that melon plants could tolerate without suffering obvious 

symptoms of toxicity. Plants in both DDG experiments descnbed in this study showed 

small but statistically significant reductions in leaf expansion in response to the glucose 

analog, compared to glucose treatment. No other visible signs of stress were observed in 

these plants. It is difficult to compare the dosage of DDG received by plants in this study 

with methods used in previous reports. No other studies used soil application of the 

chemical; its breakdown in the soil before root uptake, as well as its concentration at sites 

of action within plant cells, is unknown. In other experiments with A. gossypii, DDG was 

apph'ed by spraying solutions (from 0.1 mM to 100 mM) directly on leaves before 

infestation, but these failed to detect any differences in aphid performance between 

treated and control plants (data not shown). Again, it was unclear how much of the 

sprayed DDG actually penetrated the leaf surface. 

The growth inhibition by soil application of DDG makes it difficult to interpret 

the effects of the chemical on aphid population increase. The simplest explanation of the 

reduction in aphid numbers on both genotypes in experiment 1 is that a reduction in plant 

vigor led to a reduction in sink strength, which caused a decrease in nutnent availability 

for the aphid. In addition, DDG in the translocation stream could have had a direct toxic 



91 

effect on the aphid itself Plants in experiment 2 were 5 d younger than those of 

experiment 1, and the infested leaves were accordingly smaller and still rapidly 

expanding. This contrasts with the leaves of experiment 1, which were closer to their 

maximal widths and were growing less rapidly. It is possible that this age difference led 

to the difference in results between the two experiments. Aphid performance in 

experiment 2 was affected in opposite ways for the two NILs in response to DDG. The 

hypothesis predicted that resistance would be weakened in NIL AR 5; populations on 

these plants showed a non-significant trend toward an increase in number over those on 

the glucose control plants. The reason for the contrasting significant decline in aphid 

numbers on PMR 5 plants treated with DDG is unclear. Another difference between the 

two experiments was that the infesting aphids in the first experiment were mature at the 

time of infestation, while the nymphs in the second experiment required two or more 

days of growth on the treated plants before reaching reproductive maturity. This age 

difference could be expected to magnify the difference in aphid performance between the 

two NILs in experiment 2, since resistance slows development time and might also have 

more impact on the ultimate fecundity of the nymphs, compared to the adults used in 

experiment 1. The trend of increased aphid performance on DDG-treated plants of 

resistant NIL AR 5 raises the possibility that resistance was in fact weakened by the 

treatment. However, the result is far from conclusive. These experiments with DDG 

point to the difiSculty of using a pharmacological approach to test an aphid resistance 

mecham'sm in planta, particularly when the applied chemical has such broad 

physiological effects. 
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Callose synthase is a plasma membrane-localized, multi-subunit em^e. It is 

typically a "latent" en^^e, activated in response to various stimuli (Andrawis et al. 

1993), and does not appear to be regulated by de novo protein synthesis (Kauss 1987). 

Several studies of the enzyme have offered evidence that the UDP-glucose-binding 

subunit—presumably the catalytic subum't—has a mass in the range of 52 to 57 kDa 

(Delmer and Amor 1995). Dhugga and Ray (1994) isolated a 55 kDa polypeptide from 

pea that had properties indicative of the catalytic subunit. They also identified an 

additional 70 kDa polypeptide as part of the enzyme complex. When antisera raised 

against these proteins were tested on microsomal preparations from melon NHs AR 5 

and PMR 5, the antibodies cross-reacted specifically with polypeptides of masses similar 

to the pea subunits (60 kDa for the anti-55 kDa antiserum; 70 and 72 kDa for the anti-70 

kDa antiserum). These results suggest that the immunoblots identified homologous 

callose synthase subunits fi'om melon. The striking similarity between the two NHs with 

respect to immuno-reactivity (band intensity) on these blots (Figure 3.3) suggests that no 

inherent genotypic differences existed in the abundance of callose synthase. 

Callose synthase activity assays of microsomal protein showed enzyme properties 

consistent with previous studies of the emtyme in other plant species. Callose synthase is 

calcium ion-dependent in vitro, and is strongly stimulated by other classes of compounds 

including polyammes such as spermine, amphipaths such as digitonin, and p-glucosides 

such as cellobiose (Fink et al. 1987; Kauss 1990; Ohana et al. 1993). Polyamines appear 

to act on the en^me directly, while digitonin likely stimulates by altering membrane 

fluidity. Beta-glucosides may serve as prmiing units for initiating polymerization. The 
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reaction mixtures for callose synthase assays in this study included all of these 

components. The dependence of activity on calcium ion concentration was consistent 

with a well established role for calcium as an effector of the enzyme in vivo. As 

anticipated, microsome fractions from the upper phase obtained in the aqueous two-phase 

partition procedure clearly contained the bulk of plasma membrane, compared to the 

lower phase. This was indicated by the high callose synthase activity observed in the 

upper phase for both genotypes, and a virtual absence of activity in the lower phase. 

Callose synthase is known as "probably the most reliable enzyme marker for the plasma 

membrane" (Widell and Larsson 1990). A companson of activity per microgram protein 

between plasma membrane-enriched and total microsomes (Figure 3.4) shows quite 

similar levels between the two preparations. This was likely due to the fact that the total-

microsome samples were from etiolated seedlings, devoid of many photosynthesis-related 

proteins that would constitute a large portion of total microsomal protein from leaves. 

Neither microsome preparation showed consistent differences in enzyme activity 

between the NILs AR S and PMR 5. The plasma membrane-enriched preparation 

showed a sigm'ficantly greater response to calcium in the AR S sample, but this difference 

was not consistently observed over a wider range of calcium concentrations (data not 

shown). The best interpretation of these results, taken as a whole, is that no true 

differences existed in emtyme activity between nucrosome preparations for the two 

genotypes. If a difference in aphid-induced callose deposition does exist between the 

NILs, the in vitro assays used in this study were unable to detect it Clearly, the 

regulation of callose synthase in vivo depends on a large number of factors, and the 
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critical component(s) or spatial arrangement of factors required for greater deposition in 

resistant NIL AR 5 could have been absent in the microsome assays. For example, p-

furfuiyl-^-glucoside in cotton is a known regulator of callose synthase activity^ in vivo-, its 

spatial distribution within the cell plays an important role in the regulation process 

(Ohana et al. 1993). 

In the present study of callose synthase properties in resistant and susceptible 

melon genotypes, protein samples were taken from plants that had never been exposed to 

aphids. It is possible that infestation of plants prior to microsome isolation could have 

yielded different results from those obtained with uninfested plants. Schmele and Kauss 

(1990) observed a systemic increase in callose synthase activity in leaves of Cucumis 

sativus (cucumber) after inducing systemic acquired resistance by pathogen infection. It 

is reasonable to hypothesize that an aphid resistance mecham'sm, localized to a transport 

tissue, might entail a long-distance signal in response to aphid probing, which could 

activate appropriate defense pathways throughout the plant. However, Chen et al. (1997) 

reported that previous infestation of resistant or susceptible melon plants with A. gossypii 

did not lead to reduced aphid performance upon subsequent infestation of previously 

um'nfested leaves of the same plants. This suggested that neither resistant nor susceptible 

melon can be induced to mount a systemic defense against this aphid following an initial 

attack. 

The experiments reported in this chapter sunmiarize an attempt to learn more 

about the A. gossypii resistance mecham'sm by focusing on biochemical and physiological 

properties of host plants. Many additional approaches could have been taken to analyze 
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these plant properties, some of which might provide more insight on the resistance 

mechanism than those of this study. However, the simple genetic control of the trait 

presents an opportunity to take a quite different, and potentially more powerful, avenue 

of investigation: the isolation and characterization of the dominant resistance gene. 

Understanding the biochemical properties of the resistance gene product could allow the 

formulation of more refined hypotheses to be tested by biochemical and physiological 

approaches in the future, leading to a greater overall understanding of the resistance 

mecham'sm. The next chapter of this dissertation will report on molecular-genetic 

analyses of A. gossypii resistance, which provide the basis for isolating the resistance 

gene. 



96 

4. GENETIC MAPPING AND MOLECULAR ANALYSIS 

OF APHID RESISTANCE 

INTRODUCTION 

A powerful means of understanding plant adaptation to biotic stress is the 

isolation and charactenzation of the gene, or genes, that control the mechanism of 

adaptation. However, the process is a tremendous challenge when the product of a gene 

has not been identified and the nature of that product is poorly understood or completely 

unknown. This is often the situation faced by researchers who study agriculturally 

desirable traits. In such cases, gene isolation by high-resolution genetic mapping has 

become a widely used alternative to protein-based methods of clom'ng. The approach 

requires the identification of extremely tight genetic linkages between the trait of interest 

and a set of molecular markers. In the past decade, genetic mapping has been 

instrumental in the clom'ng and charactenzation of several agnculturally important genes, 

including bacterial, fungal, nematode, and aphid resistance genes (Martin et al., 1993; 

Song et al., 1995; Ori et al., 1997; Ryals et al., 1997; MilUgan et al., 1998; Rossi et al., 

1998). Molecular markers with tight linkage to aphid resistance genes have been 

reported for cowpea aphid in cowpea (Myers et al., 1996), Russian wheat aphid in wheat 

(Myburg et al., 1998), rosy leaf curling aphid in apple ̂ oche et al., 1997), and two 

species of cereal aphid in barley (Seah et al., 1998; Moharnunipour et al., 1997). 
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Despite years of research on the nature of resistance to A. gossypii in melon, the 

lack of a robust hypothesis regarding the resistance gene product has precluded gene 

isolation strategies based on protein properties. Map-based cloning has been a reasonable 

approach in this circumstance, and has recently been made more feasible with advances 

in genetic mapping of the melon genome (Baudracco-Amas and Pitrat 1996; Danin-Poleg 

et al. 1998; Perin et al. 1998; Oliver et al. 1998; Staub et al. 1998; Wang et al. 1997, 

1998). To date, only two published maps, both based on the Korean source of aphid 

resistance, contain markers that are linked to Vat, the resistance gene from that source. 

The Vat locus has been assigned to linkage group V on the map of Perin et al. (1998), 

with the closest molecular marker located at a distance of 10 cM. 

Until now, no genetic map has included the locus for aphid resistance derived 

&om Indian accession PI 37179S, the source for the resistance trait that is the subject of 

this dissertation. This final chapter presents data from experiments in which A. gossypii 

resistance, derived from the Indian source, is mapped with respect to a set of molecular 

markers in a mapping population generated by a cross between distantly related melon 

genotypes. The proposed name for the dominant gene controlling the trait is Agr (^his 

gossypii resistance). Data are also presented that provide evidence for the maximum size 

of the introgressed chromosome segment in resistant NIL AR 5. 

The first and second chapters of this dissertation reviewed previous data and 

reported on new data pertaining to the phenotypes of aphid resistance derived from the 

Korean and Indian accessions. The life history studies reported in the second chapter 

showed similar degrees of antibiosis between resistant lines AR 5 and Margot A phloem 
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localized resistance mechanism was suggested for both resistance traits, based on 

electronic monitoring of aphid feeding behavior (Kennedy et al. 1978; Chen et al. 1997; 

Klingler et al. 1998), However, artificial diet experiments implicated a soluble phloem 

factor for resistance from the Korean accession (Chen et al. 1997), while grafting 

experiments with the Indian-derived resistance trait suggested a mecham'sm based on a 

non-translocated factor (Kennedy and Kishaba 1977). The genes in both sources of 

resistance are reportedly linked to the same disease resistance traits (Pitrat and Lecoq 

1980; Romanow et al. 1986). In spite of a putative allelic relation between the two genes 

(Pitrat and Lecoq 1982), no data in direct support of this assertion have been published. 

Taken as a whole, the data reveal both similarities and differences in the phenotypes; the 

conflicting information indicates a need to clarify the genetic relation between the aphid 

resistance genes, Agr and Fa/, derived from the two germplasm sources. Genetic 

experiments reported later in this chapter address the hypothesis that Agr and Ka/ are 

allelic. 

Recent advances in research on plant resistance to biotic stress raise the 

possibility that Agr and f^a/ are members of a specific category of resistance genes. Most 

of the plant resistance genes (R genes) cloned in the past several years belong to a large 

class, or family, whose members share highly conserved sequence motifs including a 

nucleotide binding site (MBS) and a region of leucine-rich repeats (LRR) (reviewed by 

Hammond-Kosack and Jones, 1997). Members of the NBS-LRR family confer resistance 

to a broad range of agricultural pests, including a nematode species (Milligan et al., 

1998), fungi (e.g., Lawrence et al., 1995), bacteria (e.g.. Grant et al., 1995), and viruses 
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(e.g., Whitham et al., 1994). These intnguing developments have shown that flowering 

plants share a common means of defense against pests, in which similar protein 

sequences can specify resistance to members of highly diverse taxa. R genes products 

are thought to be components of signaling pathways, which link perception of a specific 

pest to the activation of an appropnate defense response. The mechanisms that underlie 

recogm'tion specificity and pathway specificity are still in the early stages of elaboration 

(Boyes and others 1998; Martin 1998; Ellis and Jones 1998). 

A sigm'ficant development for the study of plant-aphid interactions occurred when 

the M gene for root-knot nematode resistance in tomato was shown to also confer 

resistance to an isolate of the potato aphid (Rossi et al., 1998). This is remarkable not 

only because it was the first aphid resistance gene to be isolated, but also because Mi is 

the only known plant R gene that conditions resistance against members of two separate 

phyla in the am'mal kingdom. While it is still unknown how broadly these results will be 

applied to phloem-feeding insects, the findings represent an exciting new advance in the 

field of insect resistance mechamsms in plants. 

In the plant species studied to date, many members of a given R gene family exist 

within a genome; the genes conmionly reside in tight clusters on plant chromosomes, 

with adjacent members divergent at sequence regions thought to be involved in pest 

specificity (Michelmore and Meyers 1998). In the case of the M gene in tomato, several 

other NBS-LRR family members are present within a 650-kilobase region surrounding 

Ml ^lUgan et al., 1998). The tight genetic linkage between clustered family members 

has been the basis for targeted strategies using the DNA polymerase chain reaction 
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(PGR), which have identified molecular markers linked to pest resistance traits in a 

number of plant species (for example, Aarts et al., 1998; Collins et al., 1998; Leister et 

al., 1996,1998; Shen et al., 1998). This approach, which uses degenerate PCR primers 

specific for highly conserved sequences within or near the NBS region (see Table 4.1), 

can isolate genomic sequences with significant homology to the N6S-LRR family. 

Sequences such as these have been shown by segregation analysis to be genetically 

linked, for example, to resistance to com leaf aphid and cereal cyst nematode in barley 

(Seah et al., 1998). The authors of that study also provided circumstantial evidence for a 

genetic association between NBS-LRR sequences and two genes for resistance to Russian 

wheat aphid in wheat 

Although NBS-LRR genes have not been reported in the Cucurbitaceae, the fact 

that ^gr and Vat in melon are tightly linked to virus resistance (Pitrat and Lecoq, 1980; 

Romanow et al., 1986; Kishaba et al., 1992) and powdery mildew resistance (Pitrat, 

1991) raises the possibility that they, too, are members of this R gene family. The final 

experiments in this chapter address this hypothesis, with results that could have a 

significant impact on the eventual construction of a high-resolution map of the Agr locus. 
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Table 4.1. Amino acid sequence conservation in three NBS regions of plant resistance 
genes. 

NBS Region* 

Plant Pest Gene Kinase-la Kinase-2 HD« 

Tomato Nematode, Aphid Mi 

Tobacco 
Tomato 
Tomato 

Flax 
Arabidopsis 
Arabidopsis 

Wheat 

Virus 
Bacteria 
Fungus 
Fungus 
Bacteria 
Bacteria 

Nematode 

N 
Prf 

12 
L6 

RPMl 

RPS2 

Cre3  ̂

* Shading of residues indicates sequence identity, with Mi as a reference sequence. 
^HD stands for "hydrophobic domain". 
^The wheat sequence is very tightly h'nked to nematode resistance locus Cre3; it is not 

known be the actual resistance gene. 
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MATERIALS AND METHODS 

Mapping population from the wide cross TM x MOM 

A mapping population was created from a cross between two distantly related 

melon lines. The genetic dissimilarity between these lines was confirmed by RFLP 

analysis (Neuhausen 1991). Cucumis melo genotype 'UC Top Mark' (Zink and Gulber 

1987), designated TM, served as the aphid susceptible parent Breeding line 414723-4 S3 

(C melo var. momordica, designated MOM), derived from PI 414723, served as the 

source of aphid resistance. PI 414723 directly descended from Indian accession PI 

371795 (McCreight and others 1992). An Fi generation was produced by fertilizing TM 

plants with MOM pollen. (TM x MOM)F i individuals were self-pollinated to produce Fi 

seed, and F2 individuals were grown in a greenhouse, sampled for DNA extraction, and 

self-fertilized to produce F3 seed. DNA was also extracted from bulked leaf samples of 

F3 families derived from these F2 individuals. 

Insects 

A. gossypii used for resistance testing were taken from a colony maintained on 

highly susceptible "Green Flesh" hon^dew plants grown at 23''C with a 16 h light, 8 h 

dark photoperiod 
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Resistance testing of F3 families 

Sixty-four F3 families of the mapping population from the cross TM x MOM were 

tested for aphid resistance to determine the genotype of each F2 plant Testing of aphid 

resistance was conducted in a greenhouse under natural h'ghting in the fall, winter, and 

spring in Tucson, AZ, with average daily temperatures maintained between 20 °C and 25 

°C. Sixteen members of each F3 family were tested, with seven families infested on the 

same day in each round of testing. As a control, every round also included eight to ten 

plants each of the parental lines, MOM and TM. Plants were arranged in trays in a 

completely randomized design. The abaxial surface of the fourth or fifUi true leaf of each 

plant was infested with three alate A. gossypii, confined in a 2.5 cm diameter leaf cage. 

The next day, the adults and all but three newly deposited nymphs were removed from 

each leaf The cohort of three nymphs remained confin^ to the leaf cage in which they 

were bom, and after m'ne days (slightly less than two aphid generations) the total number 

of aphids in each cage was counted. At the time of counting, tissue from non-infested 

leaves of each F3 plant was removed and lyophilized for DNA extraction. Before DNA 

extraction, an equal mass of dried leaf tissue from each F3 family member was bulked to 

reassemble the allelic composition of the family's F2 parent 
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RFLP and RAPD analyses of F3 families 

DNA from F3 families was prepared from pooled melon leaves according to 

Baudracco-Amas (1995). Genonuc DNA (3-5 ^g) was digested with either EcoRI, 

HindOl, Xbal, £coRV, Dral, or A/val, electrophoresed in 0.8% agarose gels, and blotted 

to charged nylon membranes (Genescreen Plus, Du Pont) using the alkaline blotting 

method (Ausubel et al. 1987). Hybridization was performed at 55 °C in 6% PEG, 5% 

SDS, 5 X SSPE and 50 jig/mL denatured salmon sperm DNA. DNA probes, amplified by 

PGR from the pBluescript (Stratagene) vector using the T7 and Ml3-reverse flanking 

primers, were labeled by the random hexamer method (Boehringer Mannheim). 

Following hybridization, blots were washed at 55 °C with 1 x SSC, 1% SDS for 20 min, 

then for 3 x 20 min in 0.5 x SSC, 0.5% SDS. Blots were stripped for repeated use by 

incubation in a large volume of boiling 0.1% SDS while shaking gently and cooling to 

room temperature for 20 min. Restriction fragment length polymorphism (RFLP) probes 

consisted of randomly selected cDNA clones from cucumber floral bud libraries (PerU 

Treves et al. 1998). For automated sequencing, an ABI sequencer and the Taq 

DyeDeojQT Terminator Cycle sequencing kit (both from Perkin-Elmer) were used. 

Homology searches were conducted using the Bioccellerator package (manufactured by 

Compugen Inc., Israel). Randomly amplified polymorphic DNA (RAPD) reactions were 

performed using random decamer sets (Operon Technologies, Alameda, and University^ 

of British Columbia, Vancouver), according to the method of Williams et al. (1990). 

Amplification products were separated by electrophoresis in 1.5% TBE-agarose gels. 
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stained with ethidium bromide, and visualized under UV light. For bulked segregant 

analysis, DNA from 6 homozygous resistant F2 individuals (or bulked DNA of the 

descendant F3 family) and 15 homo2^gous susceptible plants were mixed to produce the 

resistant and susceptible DNA mixes. These were screened with 72 primers known to 

produce polymorphism between the TM and MOM parental lines (Silberstein et al. 1999) 

to identify markers that distinguish the bulks. Such markers were then analyzed in the 

mapping population on DNA samples of individual plants to verify the linkage. Genetic 

distances were measured using the MAPMAKER software (Lander et al. 1987). Linkage 

relations and genetic distances used in the construction of the map were based upon LOD 

scores greater than 3, the conventional level of statistical significance in genetic mapping. 

Test of allelism between the Indian and Korean sources of resistance 

AR 5, the aphid resistant NIL derived from Indian accession PI 371795 

(McCreight et al. 1984), and Margot, the aphid resistant NIL derived from Korean 

accession PI 161375 (Chen and others 1997), were crossed to produce an F t generation. 

An individual (AR 5 x Margot)F 1 plant was used to pollinate the aphid susceptible NIL 

PMR 5 (the recurrent parent used to create AR 5). Seed from this cross were grown to 

test for aphid resistance in a greenhouse. Two rounds of resistance testmg were 

performed on a total of 92 progeny plants from the cross PMR 5 x (AR 5 x Margot)Fi. 

Both rounds of testing also included five plants each of AR 5, PMR 5, Mvgot, 
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Vedrantais (the susceptible recunent parent used to create Margot), and (AR 5 x 

Margot)Fi. In the first round, 49 plants were tested as described for the F3 families. In 

the second round, 43 plants were tested by infesting one leaf of each plant with a caged 

cohort of three three-day-old nymphs; after seven days, the total number of aphids in 

each leaf cage was counted. 

Resistance testing of a mapping population from AR 5 x PMR 5 

Individual plants of NIL AR S were fertilized with pollen from NIL PMR 5 to 

produce an F, generation. Individual plants from this F, generation were self-fertilized to 

produce an F2 population segregating for A. gossypii resistance. In a resistance testing 

experiment, 48 F2 plants were grown in 10 cm pots in a controlled environment growth 

chamber at 26 °C under 16 h light, 8 h dark, with a relative humidity of approximately 

60%. Six plants each of the parent lines AR 5 and PMR 5 were included as controls; all 

plants were arranged within the chamber in a completely randomized design. Five weeks 

after sowing, the abaxial surface of the fifth true leaf of each plant was infested with 3 

alate A. gossypii, confined in a 2.5 cm diameter leaf cage. Afier 24 h, the alatae and all 

but three newly deposited nymphs were removed. The remaining cohort of three nymphs 

were allowed to develop and reproduce for nine days before the cages were removed and 

the total number of aphids on each leaf was counted. After counting, uninfested leaves of 

each Fz plant were sampled for DNA extraction. 
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DNA isolation from (AR 5 x PMR 5)F2 plants 

For each tested Fj plant, 3 g leaf tissue was ground in liquid nitrogen and placed 

in a tube of 10 mL buffer contaim'ng 1.5 M NaCl, 8% [w/v] dodecyl-trimethyl 

ammonium bromide (DTAB), 0.1 M Tris-HCI pH 8.6,50 mM EDTA. The tube was 

incubated at 65 "C for 10 min, with occasional gentle mixing of the tube during the 

incubation. The sample was extracted twice with an equivalent volume of 

chloroformiisoamyl alcohol (24:1). During each extraction, the tube was gently shaken at 

4 °C for 15 min, and then centrifuged 15 min at 2,000 x g. After the extractions, the 

aqueous sample was mixed gently with two volumes cold, absolute ethanol and incubated 

at 4 °C for at least 1 h. Precipitated DNA was removed from the solution by "hooking" 

with a plastic micropipet tip, and placed in a tube containing 3 mL 70% ethanol at room 

temperature for 5 min. The sample was then centrifuged 5 min at 2,000 x g. The 

supernatant was removed, and the pellet was air-dried and resuspended in 2 mL H2O. An 

equal volume of 4 M LiCI was added, and the sample was incubated at 4 for at least 1 

h. The sample was centrifuged 30 min at 1,500 x g and the supernatant was transferred to 

a clean tube. DNA was precipitated with a one-tenth volume of 3 M sodium acetate and 

two volumes of cold absolute ethanol. The sample was then kept at -20 "C for at least 20 

min. Following precipitation, the sample was centrifuged 30 mm at 2,000 x g, and the 

pellet was washed with 3 mL 70% ethanol. The air-dried pellet was resuspended in 0.7 

mL H2O, and then incubated with 40 (ig ribonuclease A at 37 °C for 1 to 2 h. The sample 

was precipitated with sodium acetate and absolute ethanol, as before. The pellet was 
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washed with 0.5 mL 70% ethanol, vacuum dried, and resuspended in 300 H^O. The 

resuspended DNA sample was divided into aliquots and stored at -20 °C. 

PCR amplification and analysis of NBS-homologous sequences 

Oligonucleotide primers were designed to amplify genomic DNA between 

conserved regions of the nucleotide binding site (NBS) of the NBS-LRR family of plant 

R genes (Table 4.1). Figure 4.1 indicates the relative positions and orientations of 

primers used to amplify genomic sequences within the NBS. A large number of primer 

combinations and reaction conditions were tested for their ability to amplify NBS-

homologous sequences, using DNA of aphid resistant NIL AR 5 as a template. Table 4.2 

lists the sequences and other characteristics of primers that were tested. Reactions that 

successfully amplified NBS-homologous sequences had 30 ^L volumes and consisted of 

the following components: 150 ng DNA; 0.9 U Tag DNA polymerase; 20 mM Tris-HCl 

pH 8.4; 50 mM KCl; 2 mM MgCb; 0.2 mM each dNTP; 1 ^M each primer. A Techne 

thermocycler was used for PCR amplifications. After an im'tial denaturing step at 94 °C 

for 2 min, products were amplified using 35 cycles of the following conditions: 94 °C, 45 

s; 42 or 48 °C, 60 s; 72 °C, 90 s. Amplification was concluded with a final elongation 

step at 72 °C 8 min. Following PCR, samples were electrophoresed on a 2.2% 

agarose gel and visualized by ethidium bromide staining. Stained bands of the expected 

molecular length were excised fix)m the gel, purified with a Concert gel extraction system 
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Figure 4,1. Schematic overview of the method used to isolate NBS-homologous sequences by degenerate PGR. Top: diagram 
of a typical member of the NBS-LRR family of plant R genes. The diagram shows the predicted polypeptide structure from 
the amino terminus (left) to the carboxyl terminus (right). The relative positions and sizes of the nucleotide binding site (NBS) 
and region of leucine-rich repeats (LRR) are shown. Middle: an enlarged view of the NBS, with regions of high sequence 
conservation labeled. Below these regions, arrows indicate the positions and relative orientations to which oligonucleotide 
primers were designed for the amplification of genomic sequences from members of this gene family. Bottom: the expected 
sizes of PGR products amplified from genomic DNA, using various primer combinations. 



Table 4,2, Degenerate oligonucleotide primers designed to amplify portions of the NBS from genomic DNA. 

Region Primer* Amino acid sequence Nucleotide Sequence" Bp^ Degen.* x § 

Kl-1 GSGKTTL GGITCNGGIAARACIACNYT 20 64 49.0 
Kl-2 GSGKTTL GGIAGYGGIAARACIACNYT 20 32 46.4 

Kinase-la Kl-3 GVGKTTL GGIGTNGGIAARACIACNYT 20 64 49.7 
PLP GG(v/i/m)GKTT GGIGGIRTIGGIAARACIAC 20 4 52,5 
PLP3 GMGG(v/i/m)GKTT GGIATGGGIGGNRTI6GIAARACIAC 26 16 63.0 

K2 IVLDDVW ATHGTIYTIGAYGAYGTNTGG 21 96 58.8 
Kinase-2 anti-K2 VLDDVW CCANACRTCRTCIARIAC 18 32 42.4 

Kinase-3a anti-K3 IIITTR CKIGTIGTDATDATDAT 17 54 37.8 

anti-HDl CKGLPL ARN6GIARICCYTTRCA 17 64 49.6 
HD anti-HD3 G(l/f)P(l/f)(a/t)(l/f) ARIGYIARIGGIARICC 17 16 46.0 

anti-HDS CKGLPU GCIAGNGGIAGIAAYGGRC 19 16 50.9 

'Underlined primers are those that successfully amplified NBS-homologous sequences from melon genomic DNA. 
"Primers are listed in the 5' 3' direction from left to right. Key to nucleotide symbols: R = A + G;Y = C + T;I = Inosine. 
^Primer length in base pairs. 
^Primer degeneracy. 
^Calculated melting temperature (°C) of primer. 
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(Life Technologies), and ligated into the pCR 2A vector (Invitrogen). Escherichia coli 

strain DH5 a, transformed with the ligated vector, was cultured and analyzed for the 

presence of plasmids with inserts of the proper size, using a standard mini-prep method. 

Plasmids containing inserts of the proper size were submitted for automated DNA 

sequencing at the Laboratory of Molecular Systematics and Evolution, University of 

Arizona. Sequences were analyzed with software including EditSeq and MegAlign 

(DNASTAR Inc.), and BLAST (National Center for Biotechnology Information). 

RFLP analysis of Fj plants with an NBS sequence 

Genomic DNA (5 to 10 ^g) from leaves of (AR 5 x PMR 5)F2 plants was digested 

with EcoRl and electrophoresed on 0.8% agarose gels. DNA was transferred to one of 

two membrane types, depending on the probe hybridization method to be used. Samples 

to be probed with digoxygem'n-labeled DNA were transferred to Hybond-N*' charged 

nylon membranes (Amersham). Samples to be probed with ^^P-labeled DNA were 

transferred to Nytran uncharged nylon membranes (Schleisher & Schuell). DNA was 

transferred to both types of membrane using a standard alkaline transfer method. For 

some DNA gel blots, an NBS-homologous DNA sequence, NBS-2, was labeled with 

digojtygemn-dUTP (DIG-dUTP) by PCR (Boehringer Mannheim). For other blots, the 

same sequence was labeled with a-^^P-dATP, using a random primer method (Life 

Technologies). Blots probed with DIG-labeled DNA were hybridized at 65 ''C according 
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to the Boehringer Mannheim protocol, with a concentration of 25 ng labeled DNA per 

mL hybridization buffer. Following hybridization, these blots were subjected to two low-

stringency washes at room temperature with 2 x SSC and 0.1% SDS, followed by 

stringent washes at 65 °C with either 0.5 x SSC and 0.1% SDS, or 0.2 x SSC and 0.1% 

SDS. Hybridized DNA was detected by chemiluminescence with CDP-Star substrate, 

using the Boehringer Mannheim protocol. Blots probed with ^^P-Iabeled DNA were 

hybridized at 65 °C in 0.25 M NaP04 pH 7.2,0.25 M NaCl, 1 mM EDTA, and 7% SDS, 

using 10^ cpm labeled DNA per mL hybridization buffer. Following hybridization, these 

blots were subjected to two low-stringency washes for 5 min at room temperature with 2 

X SSC and 0.1% SDS, followed by a stringent wash for 15 min at 65 °C with 0.2 x SSC 

and 0.1% SDS. Hybridized DNA was detected by autoradiography. 
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JIESULTS 

Inheritance of aphid resistance in the F3 population 

In each round of resistance testing, at nine days after infestation aphids were 

significantly more abundant on leaves of susceptible genotype Top Mark (TM), 

compared to resistant genotype PI 414723 (MOM). Figure 4.2 shows a scattergram of 

aphid populations on individual plants in a typical round of F3 phenotyping. TM plants 

had an average of 140 + 5.9 aphids per leaf, while MOM plants had an average of 19 + 

S.O aphids per leaf Aphids reared on the two genotypes also differed markedly in 

appearance; those on TM were large and dark green while those on MOM were generally 

small and pale yellow in color. F i plants showed aphid numbers statistically equivalent 

to numbers on plants of resistant parent MOM, illustrating the complete dominance of the 

aphid resistance trait (data not shown). Individual melon plants of each F3 family 

supported levels of aphid reproduction that were similar to those on either the resistant 

parent or the susceptible parent Some families were homogeneous, with all individuals 

resembling one of the parents, suggesting that the family descended from a homozygous 

F2 individual. The other families included both resistant and susceptible plants in 

proportions consistent with a 3 resistant: 1 susceptible ratio, indicating that th^ 

descended from a hetero^gous F2 progenitor. In a few cases the distribution of aphid 

numbers within a family gave an ambiguous result, possibly caused by occasional cool 

m'ght temperatures that could have altered aphid fecundity. In such cases, new members 
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Figure 4.2. Scattergram of aphid populations on individual plants in a typical round of F3 
phenotyping. Each point represents the total number of aphids counted inside a leaf cage 
after nine days. The inferred resistance genotype for each F3 family's F2 parent is 
indicated above the corresponding set of data points. The dotted horizontid line indicates 
the midpoint between the mean values of the parental lines. 
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of these families were included in later rounds of testing to clarify resistance phenotypes. 

Table 4.3 summarizes the results of the F3 family testing and shows chi-square tests of 

the F2 parents; the phenotypic ratio of 45 resistant: 19 susceptible plants was consistent 

with the expected 3 resistant: 1 susceptible segregation ratio for a dominant monogem'c 

trait In contrast to Vat, which describes decreased viral transmission associated with this 

locus in the Korean accession, the name Ag^ (A gossypii resistance) is proposed for this 

aphid resistance gene derived from the Indian accession PI 371795. 
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Table 4.3. Results of F3 family testing for aphid resistance. 

F2 Genotype F2 Phenotype 

Observed Expected Observed Expected 

RR 7 16 Resistant 45 48 

Rr 38 32 

rr 19 16 Susceptible 19 16 

Chi-square = 6.750 Chi-square = 0.375 

P2<lf = 0.034 Pldf = 0.387 
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Linkage of random molecular markers to Agr 

Aphid resistance was tested in 64 F3 families to map the trait with respect to a set 

of RFLP, RAPD, and Inter-SSR markers. These molecular markers had been assigned 

linkage relations within the melon genome using an F2 segregating population derived 

from across between PI 414723 and Top Mark (Perl-Treves, Kovaiski and Silberstein, 

unpublished). In addition to aphid resistance, this mapping population also segregated for 

potyvirus and powdery mildew resistance genes. Two RFLP markers were detected by 

hybridization with probes from a cDNA library of cucumber floral buds. These markers, 

AC-8 and AC-39, were linked to either side of Agr, at distances of approximately 9 cM 

and 7 cM, respectively. Probe AC-8 hybridized to several restriction fragments from both 

parental genotypes, indicating a gene family of related sequences (Figure 4.3, top panel); 

two polymorphic £coRV fragments segregated as a co-dominant marker and showed 

linkage with the Agr locus. Probe AC-39 hybridized to a single Dral fragment yielding a 

co-dominant polymorphism that was linked to Agr (Figure 4.3, bottom panel). A RAPD 

marker, A 12a, also showed linkage with i4gr, although less tightly. Sequence analysis of 

the AC-8 cDNA ends revealed similarity to plant lipoxygenases (LOX), e.g., to lox4 of 

Glycine max (GenBank accession P384I7) and to loxB of Phaseolus vulgaris (GenBank 

accession P27481). The 2-kb partial cDNA clone encodes approximately 700 amino acids 

out of the approximately 850 residues present in a LOX protein. The sequenced 3' end of 

AC-8 encodes 137 amino acids at the carbo^tyl terminus, revealing 59% amino acid 

identity and 69% similarity with the soybean L0X4 sequence. These carbo?tyl terminal 
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Figure 4.3. RFLP analysis of genomic DNA from 10 segregating Fa progeny resulting 
from the cross Top Mark x PI 414723. Genomic DNA was digested with £coRV or Dral 
and hybridized with two cDNA probes, AC-39 and AC-8 (designated according to its 
sequence, CS-lox), respectively. Arrows in the top panel indicate the two fragments with 
polymorphism linked to aphid resistance. Individud aphid-resistance genotypes (RR, Rr, 
rr) are indicated below each lane. TM = Top Mark (susceptible parent); 
MOM = PI 414723 (resistant parent). 
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amino acids also share 39% amino acid identity and 47% similarity with LOX-encoding 

fragments found within the Cf4/9 Cladosporium fulvum resistance locus of tomato 

(Pamiske et al. 1997). The deduced AC-8 LOX polypeptide is different from the 

cucumber Upid-body CSLB-LOXcDNA reported by Hdhne et al. (1996), with which it 

shares 73% amino acid identity and 83% similarity over the 137 carbo^tyl terminal amino 

acids. The AC-39 cDNA consists of a 348-bp sequence without homology to any 

sequence in the database. 

To obtain markers closer to the gene of interest, two samples were prepared from 

bulked DNA that included either homozygous resistant or homozygous susceptible 

individuals. Bulking DNA of individuals sharing a common genotype allows a rapid 

screen of markers that are likely to be linked to the locus that differentiates the bulks 

(Michelmore et al. 1991). The two DNA samples were screened with 72 RAPD pnmers 

that detected over 100 polymorphic products between the two parental lines. Out of the 

72 primers, 6 primers detected polymorphism between the two DNA bulks. Of these, 

two bands proved to be linked to Agr after linkage analysis with individual DNA samples 

was carried out. PGR amplification with primer 387 showed four to six bands (Figure 

4.4). A fragment of 1100 bp had the tightest linkage observed, 4.3 cM from the locus. 

Another RAPD band (amplified by primer 383) mapped at a distance greater than 25 cM 

from the A12a marker. A linkage map of Aff" and the four closest markers is shown in 

Figure 4.5. 
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Figure 4.4. RAPD analysis of mapping parents TM and MOM, and a sample of 17 F2 
segregating progeny, using primer 387. The ethidium bromide-stained gel shows linkage 
between RAPD band 387.1100 (arrow) and aphid resistance. Individual plant genotypes 
(rr, RR) are indicated. TM = Top Mark (susceptible parent); MOM = PI 414723 (resistant 
parent). Molecular length markers (M) are expressed in kbp. 
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Figure 4.5. Linkage map of the A. gossypii resistance locus, Agr, derived from Indian 
accession PI 371795. Map distances in centiMorgans are listed to the left of the linkage 
map. RFLP markers (AC-39, AC-8) and RAPD markers (387.100, A 12a) were linked at 
LOD scores greater than 3. 
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Mapping the donor-parent introgression in NIL AR 5 

The linked markers shown in Figure 4.5 were also scored on a pair of NILs 

differing in aphid resistance, AR 5 and PMR 5. As shown in Figure 4.6, resistant line AR 

5 possessed the recurrent parent alleles of the two closest markers, AC-39 and 387.1100. 

The same was true for marker A 12a, as would be expected since this marker maps further 

from Agr than either AC-39 or 387.1100. It is therefore concluded that the introgressed 

chromosome segment is smaller than the 11.3 cM interval between 387.1100 and AC-39. 

Interestingly, the NILs differ in an additional RAPD band generated by the same pnmer, 

387 (Figure 4.6). However, this marker maps to a different linkage group than that 

containing/Igr, demonstrating that some polymorphic markers between NILs can be 

unlinked to the gene of interest. It was not possible to map AC-8 with respect to the 

introgression, since both NILs carried the resistant parent allele. While this result is 

somewhat surprising, it may be explained by the fact that the two susceptible lines 

examined in this study. Top Mark and PMR 5, have different ancestries and happen to be 

polymorphic at the AC-8 locus. 
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Figure 4.6. Mapping of the aphid-resistance introgression &om Indian accession 
PI 371795 in NIL AR S. Molecular markers flanking the resistance locus 
(RFLP marker AC-39, left; RAPD marker 387.1100, right, shown by arrow) show 
polymorphisms between the parental lines of the mapping population (MOM and TM), 
but are monomorphic between the NILs AR S (resistant) and PMR S (susceptible). 
MOM = PI 414723 (resistant); TM = Top Mark (susceptible). 
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Relation between Indian and Korean sources of resistance 

Ninety-two progeny plants from the cross PMR 5 x (AR 5 x Margot)Fi were 

tested for aphid resistance. If resistance in AR 5 and Margot were conditioned by two 

separate, unlinked loci, a ratio of 3 resistant; 1 susceptible progeny would be expected in 

this experiment Tight linkage or allelism between the two resistance traits, Agr and Viaf, 

would lead to a low frequency or complete absence of susceptible plants in this 

population. Ninety of the 92 progeny supported low levels of aphid reproduction similar 

to resistant NILs AR 5 and Margot. Two plants, both in the first round of testing, had 

aphid numbers intermediate between the distributions for the resistant and susceptible 

lines (Figure 4.7). Therefore, it is uncertain whether these two plants were recombinants 

and thus truly susceptible, or whether they were instead resistant plants. 

Inheritance of resistance in the (AR 5 x PMR S)F2 population 

The total numbers of aphids on the 48 F2 plants, tested in a controlled 

environment chamber, showed a distinct bimodai distribution (Figure 4.8). The numbers 

were approximately similar to those of either the resistant parent, AR S, or the susceptible 

parent, PMR 5. Based on the distribution, 32 F2 plants were classified as resistant and 16 

were classified as susceptible. Although these numbers fit an exact 2:1 ratio, they were 

not significantly different from the ratio of 3 resistant:! susceptible expected for the 

segregation of a single dominant gene (X^ = 1.78, P = 0.182). 
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Figure 4.7. Test of allelism between aphid resistance traits in the resistant NILs AR 5 and 
Margot. The figure shows the results of the first round of testing, involving 49 progeny 
plants. Each point represents the total number of aphids counted after nine days inside a 
leaf cage placed on an individual plant PMR 5 and V^drantais are the susceptible 
recurrent parents used to create AR 5 and Margot, respectively. P = PMR 5; A = AR 5; 
M = Margot. 
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Figure 4.8. Frequency distribution of 48 (AR 5 x PMR 5)F2 plants segregating for aphid 
resistance. Parental means for aphid totals (6 plants each of AR 5 and PMR 5) are 
indicated above the population size categories. The vertical dotted line indicates the 
inferred division between resistant and susceptible plants. 
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Identification of NBS-homologous DNA sequences 

PCR-ampIification of genomic DNA, using degenerateprimers designed from 

conserved NBS regions, resulted in the isolation of a nearly 200 clones for analysis. Of 

the 40 clones submitted for sequencing, 7 distinct sequences were identified with highly 

sigm'ficant similarity to NBS-containing R genes from plants, as indicated by a BLAST 

search of the nonredundant sequence database (National Center for Biotechnology 

Information). Five of the seven clones were approximately 250 bp in length, amplified 

with the PLP/anti-FC2 primer combination (Table 4.2). These had been amplified with an 

annealing temperature of 42 °C. The remaining two of the seven clones were 

approximately 500 bp in length, amplified with the PLP/anti-HD primer combination. 

These latter clones had been amplified with an annealing temperature of 48 °C. Figure 

4.9 shows the nucleotide sequence ah'gnment for all of the seven clones. Only the 5' 

halves of the larger two clones are shown in the figure. The overall identity (including 

the primer annealing sites) among these clones ranged from 27% to 73%. All sequences 

except NBS-7 are uninterrupted by stop codons and are thus putatively expressed. Figure 

4.10 shows the predicted amino acid sequence forNBS-2 aUgned with the NBS of four 

known NBS-LRR resistance genes. Similarities between NBS-2 and the NBS of these 

genes ranged from 21% with Arabidopsis RPMl, to 38% with flax M. 
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Figure 4.9, Nucleotide sequence alignment (Clustal method) of seven NBS-homologous sequences that were PCR-amplified 
from genomic DNA of melon NIL AR 5. Only the S' halves of NBS-2 and NBS-7 are shown. Shaded residues match the 
consensus exactly. 
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Figure 4.10. Amino acid sequence alignment (Clustal method) of the predicted sequence for NBS-2 with the NBS of fungus 
resistance gene A/(flax), virus resistance gene (tobacco), nematode and aphid resistance gene Mi (tomato), and bacteria 
resistance gene RPMl {Arabidopsis), Shaded residues match the consensus exactly. 



130 

Identification of other sequences using NBS primers 

In addition to the seven NBS-homologous sequences that were amplified by 

genomic PGR, sequences with homology to other proteins that bind nucleotides were also 

identified. These included five distinct homologs of Arabidopsis ATP-binding cassette 

transporters; one homolog of an Arabidopsis cytochrome P450; and one homolog of 

Arabidopsis and tomato retrotransposons. These are the first such sequences reported in 

the Cucurbitaceae. 

RFLP analysis of (AR 5 x PMR 5)F2 plants with NBS-2 

Clones NBS-1 and NBS-2 were tested as probes on DNA gel blots of genomic 

DNA from NILs AR S and PMR 5 that had been digested with several restnction 

enzymes. N6S-1, a 2S0-bp fragment, did not detect polymorphism between the NILs for 

any of the enqmie digests. However, NBS-2, a 500-bp fragment, detected 

polymorphisms when genomic DNA was digested by £coRI, EcdSN, and ATtoL No 

polymorphisms were detected by this clone in digests by Ddel, Dral, or Hindm (data not 

shown). The NBS-2-£coRI combination gave a hybridization pattern consisting of a 

single band for both NILs (Figure 4.11, panel A). The AR 5-associated band was 

relatively large (much larger than 12 kb), while the PMR S-associated band was 

approximately 8 kb. 
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Figure 4.II. DNA blot hybridization of£coRI-digested genomic DNA probed with 
NBS-2. Numbers above each lane indicate the (AR S x PMR 5)F2 plant used as the 
source of DNA. Letters below each lane indicate aphid resistance (R) or susceptibility 
(S) of the plant The left blot in panel A shows the hybridization patterns for NILs AR 5 
and PMR S. In panel C, samples 15 and 20 (labeled with asterisks) were incompletely 
digested, as indicated by the ethidium bromide-stained gel of the blot. All blots were 
hybridized with a DIG-labeled DNA probe except for the Fa blot in panel A, which was 
hybridized with a ^^P-labeled probe. 
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When NBS-2 was used as a probe on DNA gel blots with 35 (AR 5 x PMR 5)F2 

DNA samples digested with £coRI, RFLPs showing either, or both, of the parental 

patterns were observed (Figure 4.11, panels A-C; one sample, F2 #5, is not shown). 

Two DNA samples, from F2 plants #15 and #20, were not completely digested with 

EcoRI and did not give clear hybridization results (Figure 4.11, panel C). On one DNA 

blot (Figure 4.11, panel B), a few additional bands were observed that were not seen as 

clearly in other blots, suggesting that NBS-2 was able to hybndize with more than one 

gene. This particular blot had been inadvertently exposed to a lower-than-recommend 

concentration of blocking reagent dun'ng hybridization (0.1% rather than 1%), which 

might have created less stnngent conditions for NBS-2 hybndization, allowing it 

hybridize to homologous sequences in the melon genome. 

All but one of 19 resistant-Fi DNA samples had the AR 5-associated band, while 

none of the 14 susceptible-Fz DNA samples had this band. Nine plants, all resistant, were 

heterozygous for the molecular polymorphisms. Among the other 24 plants, 

recombination was observed in only one sample, plant #46, which was resistant yet did 

not show the AR 5-associated RFLP. (Figure 4.11, panel B) These data were tested for 

the presence of linkage using a maximum Ukelihood method with MAPMAKER software 

(Lander et al. 1987). This analysis indicated a recombination frequency between NBS-2 

and Agr of 2.8%, or 2.8 cM (lod=9.1). 
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DISCUSSION 

Mapping of aphid resistance, like breeding for aphid resistance, can be 

complicated by the difficulty of standardizing infestations, and by the sensitivity of 

aphids and host plants to environmental variation. The experiments in this chapter 

showed that, despite these difficulties, A. gossypii resistance in the mapping populations 

had an expressivity strong enough to make the assignment of phenotypes possible for a 

large majority of the tested plants. As a result, molecular markers of potential value in 

map-based clom'ng, as well as in marker-assisted selection, were identified for aphid 

resistance derived from PI 371795. 

The Indian accesssion PI 371795 is one of two sources of monogemc resistance to 

A. gossypii in melon; the other source is derived from Korean accession PI 161375. The 

trait has been backcrossed from both accessions into melon breeding lines; resistance 

from PI 161375 is present in Charentais-type melon backgrounds (Perin et al. 1998), 

while resistance from PI 371795 is present in netted "Western shipper" backgrounds 

(McCreight et al. 1984). Although "^a/" (Virus aphid transmission) was originally used 

to designate the tightly linked or allelic genes for aphid resistance and virus transmission 

resistance derived from PI 371795 (Pitrat and Lecoq 1982), all subsequent studies of 

aphid resistance in which the name Vat was used were based on resistance derived from 

PI 161375. Moreover, Vat is reported as having been derived from PI 161375 in a list of 

melon genes (Pitrat, 1994). Since only aphid antibiosis and not virus transmission was 

examined in this study, and since the allelic relation between resistance in accessions PI 
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371795 and PI 161375 is unclear, the name Agr (Aphis gossypii resistance) is proposed 

for the gene derived from PI 371795. 

A genetic map of Ob&Agr locus was created by testing 64 Fj families for aphid 

resistance and screem'ng their pooled DNA for linkage with molecular markers. Four 

markers linked to the resistance trait were identified. This included a RAPD and a RFLP 

marker that flank Agr and define an interval of 11.3 cM. Two other genetic maps of 

melon have included A. gossypii resistance; both maps were based upon crosses using the 

Korean source of aphid resistance (PI 161375). In these maps, the closest marker to Vat 

was an AFLP marker located 10 cM away from the locus (Perin et al. 1998). In the 

present study, RAPD marker 387.1100 mapped at 4.3 cM from Agr, while NBS-2 

mapped at a distance of 2.8 cM in the cross between NILs AR 5 and PMR 5. In addition 

to serving as landmarks in map-based cloning efforts, these genetic markers may be 

useful in marker-assisted selection for aphid resistance, and resistance to virus 

transnussion, in melon breeding programs. 

The linkage between/Igr and the lipoxygenase sequence AC-8 (at about 9 cM 

distance), although not very tight, may have significance. Lipo^Qrgenase sequences were 

recently found to be part of highly diverse, rapidly evolving resistance gene clusters in 

tomato (Parm'ske et al. 1997). Large, contiguous stretches of sequence from the Cf4/9 

fungal resistance locus were analyzed in three tomato haplotypes and, rather surprisingly, 

many individual resistance genes in the cluster were flanked by fragments of conserved 

lipojQTgenase sequences. It will be interesting to determine whether such an association 
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is also present in the melon genomic region that contains Agr. Like the large, clustering 

NBS-LRR family of R genes, the smaller C/family in tomato contain an LRR domain. 

Agr in line AR 5 was introgressed from accession PI 371795 by eight successive 

backcrosses to PMR 5; therefore, the genomes of NILs AR 5 and PMR 5 should be 

highly similar. This was supported by the observation that the introgressed chromosome 

segment from donor parent PI 371795 is smaller than the genetic distance (11.3 cM) 

between the molecular markers flanking Agr. Estimates of melon's genetic map size 

range from 1366 cM (Perin et al. 1998) to 1942 cM (Wang et al. 1997). The average of 

these figures can be used to estimate the size of the resistance-containing introgression, 

based on the method of Muehlbauer et al. (1988). The theoretical size of the donor 

chromosome segment in AR 5 would be 22 cM with a standard deviation of 16 cM, 

assuming that no selection for recovery of the recurrent parent's morphological 

phenotype occurred duhng backcrossing. However, it can be assumed that selection for 

recurrent parent morphology was performed, since AR 5 was developed as a breeding 

line. Thus, the introgressed chromosome segment could be expected to be smaller than 

22 cM. The finding that the NILs are monomorphic for molecular markers 387 and 

AC39 (the closest markers flanking/4gr for the F3 population) is consistent with these 

estimates. 

Previous studies on the nature of aphid resistance in melon have given conflicting 

results, possibly because two separate sources of resistance have been used, Korean 

accession PI 161375 (Chen et al. 1997), and Indian accession PI 371795 (Keimedy and 

Kishaba 1977; fCIingler et al. 1998). A major question raised by these studies pertains to 
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whether resistance is caused by a soluble (and thus phloem mobile) factor in the sieve-

tube sap. This question was addressed in a test for allelism between resistance from the 

two sources, using a plant population from the cross PMR 5 x (AR S x Margot)Fi. When 

92 progeny from this cross were infested with aphids to determine individual plants' 

resistance phenotype, at least 90 progeny were resistant. If the two remaining plants with 

intermediate aphid numbers were resistant, and Vat may be allelic or very tightly 

linked. On the other hand, if these two plants were susceptible, this would indicate a 

recombination frequency of 4.3% + 0.2%. Based on past experience, these two plants 

were most likely resistant because the aphids were relatively small in size and scattered 

on the leaf surface, rather than clustered. Scattering behavior by A. gossypii has been 

documented as a response to resistance in the NIL AR 5 (Shinoda and Tanaka 1989). 

Regardless of the interpretation of the two plants' phenotype, the results suggest that^gr 

and Vat are linked. The (AR 5 x Margot)F i plants had aphid numbers similar to those on 

AR 5 and Margot. If two separate resistance genes were present in these Fi plants (i.e., if 

the resistance genes from the two germplasm sources are not allelic), then no additivity of 

their effects was observed. If A. gossypii resistance is conditioned by a member of an R 

gene family that occurs in tight clusters, then it may be difiEicult to establish with certainty^ 

that Agr and Vat are allelic. The ultimate clarification of this point will likely occur with 

a detailed molecular characterization of the^^. gossypii resistance locus. 

Phenotypic testing of Fj families from TM x MOM, and of F2 progeny from AR 5 

X PMR 5, produced results in both cases consistent with monogenic inheritance of aphid 

resistance. An interesting difference was observed, however, in the nature of the 
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resistance phenotype between the two sets of experiments. Compared to the F3 family 

testing for resistance in a greenhouse, the F2 experiment in a controlled environment 

chamber gave results with a more pronounced demarcation between the resistant and 

susceptible parent lines (NILs AR S and PMR 5), a difference that was reflected in the 

distribution for F2 plants as well. This difference in expressivity might have been due to 

one or a combination of factors. One possibility is that the dissimilarity of the genetic 

material between the two sets of experiments could have played a role in the observed 

differences. TM and MOM may not contrast as strongly with respect to aphid 

performance phenotypes, compared to NILs AR 5 and PMR 5 (this has never been 

directly tested). Moreover, it is possible that the dissimilar genetic backgrounds of TM 

and MOM led to the segregation of additional genes with nunor effects on aphid 

performance. This could have produced an added source of variation that slightly blurred 

the distinction between aphid population levels on F3 plants with and without Agr. 

Alternatively, the more constant environment or lower light intensity in the controlled 

environment chamber might have been led to a stronger expression of the resistance 

phenotype. For example, resistance in the greenhouse might have been weakened by 

plants having a faster growth rate, caused by the natural (stronger) light An additional 

possibility is that the environmental differences exerted important effects on the aphids 

themselves. These latter two possibilities are supported by recent tests of the same F2 

population in a greenhouse, in which the expressivity of resistance was not as strong as it 

was in the controlled environment chamber (data not shown). 
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The isolation of NBS-homologous sequences from the melon genome is one more 

example among many examples of NBS-LRR family members in plant species, 

supporting the idea that this family is truly ubiquitous in flowering plants. These genes 

typically reside in multiple clusters within a plant's genome, and members in a cluster are 

generally more closely related to one another than to members of other clusters 

(Michelmore and Meyers 1998). Thus, a plant species may contain scores of individual 

members of the NBS-LRR family. The study of how these sequences duplicate and 

diverge to encode new specificities against new biotic stresses is a fascinating, rapidly 

developing field that promises to enrich theoretical as well as practical spheres of plant 

biology and evolutionary ecology. 

The mecham'sms by which NBS-LRR genes effect resistance are still quite 

speculative. It is generally believed that the LRR domain confers specificity, perhaps 

through a direct interaction with a pest-derived ligand. The NBS domain, the most highly 

conserved portion of the protein, probably acts in signaling by way of nucleotide binding. 

A third, more variable, domain at the amino terminal portion of the protein is probably 

involved in homo- or heterodimerization. Two general subgroups exist within the NBS-

LRR family, based on the type of dimerization domain found in this anuno terminal 

portion (Hammond-Kosack and Jones 1997). The Toll and interleukin-1 (IL-l) receptor 

(TIR) signaling domain is present in family members that appear to activate a defense 

pathway distinct from the pathway activated by NBS-LRR members containing a leucine 

zipper (LZ) domain in the same portion of the protein (Ellis and Jones 1998). The virus 

resistance gene ̂  in tobacco is an example of the TIR-NBS-LRR subgroup (Whitham et 
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al. 1994), while the nematode and aphid resistance gene Mi in tomato is an example of 

the LZ-NBS-LRR subgroup (Milligan et al. 1998). The NBS homologs identified from 

melon in this study have, relatively speaking, the closest similarity to the NBS of fungal 

resistance genes M and L6 in flax, both members of the TIR-contaim'ng subgroup. It is 

quite possible that the use of different primers will lead to the PCR-amplification of quite 

different NBS-homologous sequences in melon, perhaps with greater similarity to the 

LZ-containing subgroup. Although mutant analyses in Arabidopsis are beginm'ng to 

identify separate downstream factors and pathways affected by members of these two 

subgroups (Parker and others 1996; Century and others 1997), the ultimate physiological 

outcomes of the different pathways within the cell are still conjectural, and are possibly 

plant species-specific and pest-specific. Interestingly, evidence is beginm'ng to 

accumulate that some members of this family play roles in processes other than defense, 

including normal plant developmental events such as apoptosis (Ellis and Jones 1998). 

The PCR experiments reported in this chapter led to the isolation of only seven 

NBS-homologous sequences, but many more will likely be found by sequencing more 

clones (cunently stored as freezer stocks), and by PCR-amplifying genomic DNA with 

additional degenerate primers. A large collection of melon NBS-LRR homologs might 

serve a useful role in melon breeding, since many of these sequences are likely to be 

linked to agriculturally important disease resistance traits, as has been found in many 

other crop species. Thus, they could be used quite readily in marker-assisted selection for 

the improvement of pest resistance, if not in the actual isolation of the resistance genes 

themselves. 
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Two NBS-homologous sequences, NBS>1 and NBS-2, were tested for their ability^ 

to detect RFLPs between the NILs AR 5 and PMR 5. Digestion of genomic DNA with 

five separate restriction enzymes did not reveal polymorphism using NBS-1, but did so 

with NBS-2. A relatively small number of Fz progeny segregating for aphid resistance 

were then tested with NBS-2 on genomic DNA blots. Despite this low sample size of 33 

plants, statistically significant linkage was observed between the resistance phenotype 

and the RFLP detected by NBS-2. Given the fact that the genomes of NILs AR 5 and 

PMR 5 should differ by only 0.2%, it seems highly improbable that one out of only two 

randomly selected genomic clones would map at 2.8 cM from Agr. Preliminary results 

using NBS-2 as a marker in the population of Fj families indicate that the R gene 

homolog is linked to Agr in this population as well (data not shown). Since NBS-2 was 

not chosen at random but was instead a "targeted" sequence, based on the hypothesis of 

Agr's relation with the NBS-LRR family of R genes, the observation of linkage strongly 

suggests thati4gr resides within a cluster of such genes in the melon genome, a 

hypothesis already supported by the gene's tight linkage with other disease resistance 

traits. As a corollary, it suggests that Agr may itself be a member of this family, a 

possibility made stronger by the discovery that M in tomato conditions resistance to 

potato aphid (Rossi et al. 1998). 

The genetic results observed with N6S-2 are sigm'ficant for two reasons. First, 

Agr^s linkage U) a tight cluster of NBS-containing genes could make the construction of a 

high-resolution map of the locus much easier than ought otherwise be possible by a 

conventional saturation of the locus with amplified Segment length poljonoiphism 
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(AFLP) markers. This is because the most closely linked genes are likely to be NBS-

LRR members and, now that successful primer combinations have been identified, 

isolating more of these sequences for use as markers should be relatively straightforward. 

Second, the result implies thaty4gr's product is a component of a signaling pathway that 

detects probing by A. gossypii and activates an appropriate defense response, possibly 

within the sieve element-compam'on cell complex. This would be the first signaling 

pathway identified in this um'que cellular complex. 

If Agr's role as a signaling molecule is verified, there will remain a potentially 

more difficult question regarding the proximal cause of resistance. The analyses of aphid 

performance and behavior presented in this dissertation, combined with findings by other 

researchers, point to a phloem-localized resistance mecham'sm involving any of several 

possible factors that impinge directiy on the aphid as its stylets enter the sieve element. 

Such factors could include a deterrent, low-molecular weight chemical in the phloem sap, 

or a mechanical blocking of the food canal by the polymerization of substances such as 

callose or P-protein. In spite of considerable work addressing some of these possibilities, 

results obtained to date do not definitively rule out any one of them. The induction of 

any one of these proximal factors could be mediated by a rapid change in the biochemical 

status of the sieve element, possibly involving a shift in redox potential, or fluxes in 

levels of ions such as calcium. Recall from the first chapter's discussion of aphid saliva 

that the aphid introduces a variety of biochemical factors during feeding, which could 

have profound effects on the physiology of its target plant cell. Efforts to identify the 
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proximal cause of A. gossypii resistance may ultimately need to account for factors 

produced by the aphid itself. 

Models of plant-microbe interactions might be instructive in clarifying the role of 

aphid-derived factors in the melon-/!, gossypii interaction. Unfortunately, pathogen 

avirulence factors appear to have diverse modes of action and in many cases are not well 

understood; the elucidation of aphid-derived signals perceived by the host plant should 

prove to be even more challenging. However, genetic tools may be applicable here as 

they have been in the study of microbial plant pathogens. M'-mediated potato aphid 

resistance was found to work against only certain isolates of the aphid; the performance 

of other isolates was completely unaffected by the presence of the gene (Rossi et al. 

1998). This raises the possibility of a gene-for-gene interaction between the aphid and 

host plant, which could conceivably allow a molecular-genetic analysis of aphid 

"avirulence". It has been speculated that the aphid-derived signal might be of 

endosymbiont ongin (Rossi et al. 1998). A signal from a prokaryotic endosymbiont 

might be relatively similar to that of a bacterial pathogen; an endosymbiont hypothesis 

for virulence could thus help to explain the action of NBS-LRR family members against 

such a broad range of plant pests. 

Genotypes of A. gossypii that are unaffected by Agr or Vat have not been 

reported, and possibly do not exist. If an aphid-derived signal is important in mediating 

A^s action in the plant cell, then a genetic analysis of aphid "avirulence" toward melon 

may not be feasible. Identifying the aphid's signal to the resistant plant could be a 

formidable task. But given the rapidly growing interest and progress in plant resistance 
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mechanisms, insights from other plant-pest interactions might eventually offer important 

clues to discovering such a signal. Regardless, the identification and characterization of 

the aphid resistance gene in melon should benefit the agricultural sciences long before the 

full details of the interaction are understood. 
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The experiments reported in this dissertation indicate that resistance to A. gossypii 

in melon acts within the phloem sieve element, and that the resistance gene product may 

be a component of a signaling pathway that activates a biochemical response leading to 

reduced sap ingestion. The intimate physiological relation between the sieve element and 

its adjacent companion cell dictates a role for the companion cell in the response of the 

sieve element to stylet penetration, particularly, the transcriptional activation of defense-

related genes. Thus, an analysis of the molecular and biochemical events leading to 

aphid resistance offers a remarkable opportunity to elucidate a signaling process within 

this unique cellular complex. In this final chapter I will present a brief outline of possible 

approaches to conduct this analysis. 

The isolation and characterization of Agr, based on a high-resolution map of the 

locus, is a reasonable approach for which important preliminary work has been 

accomplished. The results from the molecular-genetic analyses of^. gossypii resistance, 

presented in the previous chapter, suggest that a high-resolution map of the Agr locus 

could be based on the isolation and mapping of a large number of NBS-LRR homologs 

from the melon genome. These molecular markers could supplement, and possibly 

replace, the randomly generated, amplified fiagment length polymorphism (AFLP) 

markers (Vos et al. 1995) that are currently being used to construct saturated genetic 

maps in crop species. The use of R-gene homologs as an alternative to AFLPs would 
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potentially provide a tremendous saving of time and effort. However, in the event that 

tightly-linked R-gene homologs cannot be identified, the use of AFLP is still a viable 

approach. The AFLP technique is routinely employed in mapping programs and can 

generate a large number of useful markers, particularly if it is coupled with bulked 

segregant analysis (BSA), a technique described in the previous chapter. The 

combination of BSA and AFLP analysis has been quite successful in creating high-

resolution "local" maps surrounding agriculturally important traits, including fungal 

resistance genes in melon (Wang et al. 1998), barley (Buschges et al. 1997), and tomato 

(Thomas et al. 1995). One of the tremendous advantages of BSA is that it does not 

require a saturated map of the crop species' entire genome. BSA could be used with any 

type of molecular marker, including R-gene homologs. 

Once a high-resolution map is constructed that includes markers placed within 0.4 

cM (approximately 150 kb) from Agr, the next step in the cloning process is to use the 

closest markers to probe a bacterial artificial chromosome (BAG) library made from the 

genome of resistant melon. A BAG library generally consists of genomic DNA 

fragments in the range of 75 to 150 kb, although DNA fragments of up to 300 kb have 

been reported (Diaz-Perez et al. 1996; Shizuya et al. 1992). This allows the isolation of 

DNA fragments spanm'ng the large physical distance between the gene of interest and 

markers with tight genetic linkage to the gene, a process known as chromosome landing 

(Tanksley et al. 1995). A large genomic fragment that hybridizes with a ti'ghtly-Iinked 

marker can be Ugated into a BIBAG vector, a molecular construct that combines cloning 

features of a BAG vector with the DNA-transfer features of a binary vector. This 
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combination of features facilitates Agrobacteriian-xas&ameA plant transformation of entire 

BAC clones (Hamilton et al. 1996; Hamilton 1997). 

A BAC clone that confers aphid resistance in transgenic melon plants of a 

susceptible melon variety can be used to probe an AR 5 cDNA library and identify 

transcribed sequences encoded by the BAC. As clones are identified, their nucleotide 

sequences can be determined and compared to sequences present in available databases. 

Alternatively, the BAC, or a portion of the BAC, can be sequenced and open reading 

fi^es (ORFs) identified by computer analysis. The ORPs can be amplified by PCR of 

the BAC clone template using sequence specific primers. The amplified products can 

then be used to probe the AR 5 cDNA library. The ultimate confirmation of Agr's 

identity would be achieved by transforming a susceptible melon variety with a cDNA 

clone driven by a phloem-specific promoter, or a genomic clone that contains an single 

ORF with its 5'-regulatory region, followed by testing and verification of the transgem'c 

plant's resistance phenotype. 

As discussed in the previous chapter, the characterization of the ^gr gene product 

defines only one part of a complete model for the A. gossypii resistance mecham'sm in 

melon. If Agr is a member of the NBS-LRR family, the most proximate cause of 

resistance will remain unknown. This causative factor nught be identified by an analysis 

of the genetic and biochemical pathways, downstream of Agr, that are activated in 

response to aphid feeding. In recent years, several Arabidopsis genes have been 

identified that ate important in regulating processes leading to pathogen defense 

(Glazebrook 1999). Genes such as EDSl and NDRI appear to act downstream of NBS-
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LRR resistance genes, and are components of a signaling network that includes ethylene-, 

jasmom'c acid-, and salicylic acid-responsive pathways. For each of these pathways, 

genes have been identified that are important in mediating the response of the cell to 

these chemical signals. Thus, a variety of tools is available to identify which pathways 

are important in plant defense against a particular pest orgam'sm. 

It is possible that aphid feeding on resistant melon would activate pathways 

similar to those involved in pathogen defense in Arabidopsis, since many defense 

pathways are conserved among higher plants. Information about Arabidopsis genes 

could be used to isolate orthoiogs in melon, which could serve as markers to determine 

the pathways that are activated by A. gossypii in resistant melon. Unfortunately, most of 

these pathways result in whole sets of biochemical and physiological changes in the cell. 

However, knowledge of plant defense responses is increasing at an impressive rate, and it 

is quite likely that a more precise molecular-genetic dissection of the defense response in 

melon will be possible in the next few years. As more information becomes available, it 

should be possible to test hypotheses concerning the activation (at either transcriptional 

or post-transcnptional levels) of specific en^mes potentially related to aphid defense. 

Some of the most informative experiments might involve a comparison in aphid-

induced gene expression patterns between NILs AR S and PMR 5. This approach could 

identify responses unique to resistant plants which, presumably, would be caused by the 

action of Agr. One of the challenges of this approach would be the standardization of 

infestation conditions between resistant and susceptible plants, such that both plant 

genotypes experience comparable levels of stress imposed by aphid feeding. This 
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experimental approach nught ultimately be suited for a global analysis of gene 

expression, by hybridization analysis with micro-arrays of gene sequences. The array 

might include genes derived from a much more detailed model than is available based on 

the current state of knowledge. Considering the rate of progress in the field of 

plant-microbe interactions, such a model can be expected in the near future. 
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