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GRAFTING EGGPLANT, TOMATO, AND WATERMELON TO MANAGE VERTICILLIUM 

WILT CAUSED BY VERTICILLIUM DAHLIAE 

Abstract 

By Sacha J. Johnson, M.S. 

Washington State University 

August 2012 

Chair: Carol A. Miles 

Verticillium wilt, predominantly caused by V. dahliae, is a significant soilborne disease 

on cucurbit and solanaceous crops in Washington State. This study evaluated grafting to manage 

Verticillium wilt in eggplant, tomato and watermelon. Grafted plants are placed in a healing 

chamber to facilitate graft union formation. However little is known about impact of healing 

chamber design on survival of grafted plants. The effect of three healing chamber designs on the 

survival of grafted eggplant, tomato, and watermelon was evaluated. A humidifier did not 

increase relative humidity or graft survival, and smaller healing chamber dimensions maintained 

consistently higher relative humidity. Grafted tomato survival was not affected by healing 

chamber design, indicating that grafted tomato is tolerant of lower relative humidity during graft 

union formation. Grafted eggplant, tomato, and watermelon were also evaluated for yield, fruit 

quality, and disease resistance in open field production with confirmed V. dahliae soil 

populations at two locations: an irrigated dryland area in the Columbia Basin and a high annual 

rainfall area in western Washington. Each crop was non-grafted, self-grafted and grafted onto 

two commercially available rootstocks chosen for possible V. dahliae resistance as available. 

Eggplant was grafted onto ‘Beaufort’ interspecific tomato hybrid and S. aethiopicum, tomato was 

grafted onto ‘Beaufort’ and ‘Maxifort’ interspecific tomato hybrids, and watermelon was grafted 

onto ‘Emphasis’ bottle gourd and ‘Strong Tosa’ interspecific squash hybrid. Rootstock-grafted, 
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non-grafted, and self-grafted plants had equivalent yield, fruit size, and fruit quality for all three 

crops. ‘Beaufort’-grafted eggplant had reduced Verticillium wilt severity as compared to non-

grafted, self-grafted, and S. aethiopicum-grafted eggplant. V. dahliae was isolated from all 

treatments including ‘Beaufort’-grafted eggplant. Verticillium wilt symptoms were not observed 

in any tomato treatments at either location in either year. Non-grafted and self-grafted 

watermelon plants had significantly greater Verticillium wilt severity than ‘Emphasis’ and 

‘Strong Tosa’-grafted watermelon in western Washington both years; but again, V. dahliae was 

isolated from all treatments. Plant growth was increased and Verticillium wilt severity was 

reduced in ‘Beaufort’-grafted eggplant and ‘Emphasis’ and ‘Strong Tosa’-grafted watermelon, 

indicating these rootstocks may be partially resistant to V. dahliae  and may effectively control 

Verticillium wilt.  
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 CHAPTER 1 

GRAFTING EGGPLANT, TOMATO, AND WATERMELON TO MANAGE 

VERTICILLIUM WILT CAUSED BY VERTICILLIUM DAHLIAE 

JUSTIFICATION 

 Grafting of high-value vegetable crops can provide an effective approach to managing 

soilborne diseases such as Verticillium wilt (Oda, 2007; Sakata et al., 2007; Pegg and Brady, 

2002). Verticillium wilt is a soilborne disease primarily caused by Verticillium dahliae which 

results in significant crop loss in temperate climates worldwide (Pegg and Brady, 2002; 

Schnathorst, 1981). V. dahliae has over 200 known host species including important ornamental 

and food crops such as eggplant, tomato, and watermelon (Pegg and Brady, 2002; Agrios, 1997). 

Verticillium wilt is very common and widespread in irrigated agriculture in Washington, 

particularly in eggplant and melon production (Sunseri and Johnson, 2001). The pathogen infects 

plant roots and rapidly colonizes xylem tissue, restricting water uptake and causing irreversible 

wilting and plant death. Disease symptoms generally develop later in the growing season after 

the majority of production costs have been incurred (Pegg and Brady, 2002). V. dahliae produces 

microsclerotia (long-lived resting structures) within infected plant tissue. These microsclerotia 

are capable of persisting in the soil for many years, are easily spread within fields as plant 

residues are reincorporated into the soil, and can be spread between fields by contaminated 

equipment (Pegg and Brady, 2002; Schnathorst, 1981). Due to the longevity of microsclerotia 

and the wide range of host species, crop rotation is mostly ineffective in reducing V. dahliae 

populations (Klosterman et al., 2009; Pegg and Brady, 2002). Growers control V. dahliae 

populations mainly by soil fumigation which is expensive and increasingly regulated by the U.S. 
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Environmental Protection Agency (Duniway, 2002). Methyl Bromide, the most effective soil 

fumigant, is currently being phased out worldwide, and is not allowed for soil fumigation in 

Washington due to concerns about stratospheric ozone depletion and hazards to human health 

(Locascio et al., 1997; MBTOC, 1994; Warwick et al., 2006). Additionally, soil fumigants do not 

completely eradicate pathogen populations, especially when disease pressure is high (Hamm et 

al., 2003). As soil fumigants are increasingly regulated or phased out entirely, growers in the 

U.S. need alternatives for managing V. dahliae and other persistent widespread soilborne 

pathogens (Klosterman et al., 2009; Sande et al., 2011). 

 Vegetable grafting is a simple cultural method for producing disease resistant crops in 

soils that have high pathogen densities. As such, vegetable grafting has been widely adopted in 

regions throughout the world where soil fumigants are not affordable and intensive agricultural 

land use and continuous cropping have resulted in increased disease pressure from soil pathogens 

such as V. dahliae (Dau et al. 2009; Kubota et al., 2008; Rivard and Louws, 2008). Since the 

early 1900s, vegetable growers have grafted vegetables onto disease resistant and vigorous 

rootstocks in order to continue to produce adequate yields on land with undesirable soil 

characteristics such as high disease pressure, high salinity, or unfavorable soil temperatures 

(Fernandez-Garcia et al., 2002; Kubota et al., 2008; Oda, 2007; Sakata et al., 2007). Grafting 

increases production costs and is therefore most appropriate for high-value vegetable crops such 

as eggplant, tomato, and watermelon (Pegg and Brady, 2002). Grafting increases seed costs, as 

seed must be purchased for both scion and rootstock plants. Additional seed should also be 

purchased to account for plant mortality during the grafting process. The grafting process is labor 

and time intensive since workers must handle each plant carefully during grafting and also 

monitor plants daily during the week-long acclimation period (Kubota et al., 2008; Rivard et al., 
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2010; Sakata et al., 2007). However, grafting does not require expensive equipment or 

proprietary information. It is also suitable for both conventional and organic production (Rivard, 

2008). The demand for organic products nationwide and the acreage in organic production in 

Washington have both increased fivefold over the past decade (Greene et al., 2009; Kirby and 

Granatstein, 2010). Organic producers need innovative sustainable cultural practices beyond 

pesticides and crop rotation to control soilborne diseases (Oda, 2007). 

  Commercial vegetable grafting began in Japan in the 1920s and was soon thereafter 

disseminated to Korea (Kubota et al., 2008). International seed companies introduced vegetable 

grafting to European countries in the early 1990s (Kubota et al., 2008). As of 2003, 5-10% of 

high tunnel eggplant production in Greece used grafted eggplant (Bletsos et al., 2003). Over 90% 

of plants in the Canadian hothouse tomato industry are currently grafted (L. Benne, personal 

communication). Canadian propagation companies exported 10 million grafted tomato plants to 

the United States and Mexico, and grafted tomato plants in have been used in open-field 

production for soilborne disease resistance (Kubota et al., 2008; Lee et al., 2010).  

  Vegetable grafting has not been commonly practiced in the U.S. because agricultural 

land is abundant, soil fumigants are widely used, and crop rotation is more feasible and 

production less intensive than in other parts of the world (Lee, 1994). Commercially, grafted 

plants have been used mainly by U.S. greenhouse hydroponic tomato producers associated with 

the Canadian hothouse tomato industry (L. Benne personal communication; Kubota et al., 2008; 

Lee et al, 2010). Producer adoption in the U.S. has been tentative due to concerns about added 

labor costs, limited technical information on the grafting process, and limited information on 

regionally-specific rootstock selection. Grafted vegetable plants are not widely available in the 

U. S. and producers must propagate their own grafted transplants. Thus, efficiency and high 
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survival are key criteria for producer adoption of grafted vegetable transplants (Kubota et al., 

2008; Kurata, 1994; Rivard et al., 2010). Research programs and industry guidelines recommend 

a wide range of grafting techniques and healing methods (Johnson and Miles, 2011). There is a 

need for more specific recommendations for grafted vegetable transplant production (Kubota et 

al., 2008). Current vegetable grafting research is being conducted in warmer regions of the U.S. 

and is focused on controlling soilborne pathogens common to those climates. There is limited 

information on the performance of grafted vegetable plants in open-field production in northern 

temperate climates.   

One objective of this research was to compare the survival of grafted eggplant, tomato, and 

watermelon plants in three different healing chamber designs modeled after research, industry, 

and small-farm designs commonly used in North America. A second objective was to evaluate 

plant growth, yield, and disease resistance of grafted eggplant, tomato, and watermelon in open 

field production in Washington under V. dahliae disease pressure. A third objective of this 

research was to evaluate the disease reaction of eggplant rootstocks inoculated with an isolate of 

V. dahliae obtained from a locally grown eggplant in a controlled greenhouse study. The results 

of this research will provide growers with regionally specific information on the effect of 

grafting eggplant, tomato, and watermelon onto disease resistant rootstocks on Verticillium wilt 

severity, yield, and fruit quality.  
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LITERATURE REVIEW 

Vegetable Grafting – Historical and Current Use 

 Cucurbit and solanaceous crops have been grafted for over a century to increase disease 

resistance, tolerance to environmental stresses, and vigor. Accounts about grafting cucurbit crops 

date back to the 5th century in China and the 17th century in Korea. Modern vegetable grafting 

began in Japan in the 1920s with the grafting of watermelon onto Cucurbita moschata and 

Lagenaria sicerarea for resistance to Fusarium wilt and other soilborne diseases that were 

becoming prevalent due to continuous cropping (Kubota et al., 2008; Sakata et al., 2007). 

Eggplant was first grafted commercially in the 1950s to Solanum aethiopicum. Commercial 

tomato grafting began in Japan in the 1960s. There is an account of experimental grafting of 

solanaceous vegetables onto solanaceous weeds in the southeast U.S. (Isbell, 1944).  

Increasing numbers of growers in Japan and Korea began to adopt vegetable grafting, 

expanding the acreage of grafted eggplant, tomato, and watermelon steadily through the mid- to 

late 1900s. By the 1980s, grafted plants accounted for 57% of the total eggplant, tomato, and 

watermelon production area in Japan (Lee, 2007). By the 1990s, more than 95% of watermelon 

in Korea were grafted (Lee, 1994). In Japan during this time, over 90% of greenhouse-produced 

eggplant and watermelon were grafted, and 57% of the eggplant and 41% of the tomato in open 

field production were produced with grafted transplants (Lee, 1994; Oda, 2007). Currently in 

Japan, 55% of the total eggplant production, 40% of the total tomato production, and 92% of the 

total watermelon production are with grafted plants (Lee et al., 2010). In South Korea, 20% of 

the total eggplant production, 25% of the total tomato production and 95% of the total 

watermelon production is with grafted plants (Lee et al., 2010).   
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 Growers initially adopted grafting to manage high soilborne disease pressure that resulted 

from continuous cropping in greenhouse production or intensively managed agricultural land. In 

Vietnam, grafting is the only viable method available to many watermelon growers for 

controlling Fusarium wilt in soil with high pathogen infestation (Dau et al., 2009). Over the past 

50 years of application, grafting has also been found to increase plant tolerance to unfavorable 

soil temperatures, enhance water and nutrient uptake, and improve plant growth (Lee, 2007; Oda 

1999; Oda, 2007). Commercial vegetable grafting was introduced to Europe in the 1990s by 

international seed companies. In North America, grafted tomatoes have been used mainly in 

greenhouse production in Canada, in open field production in Mexico, and by some small-scale 

diversified vegetable growers in the U.S. using high tunnels (Kubota et al., 2008; Rivard et al., 

2010). 

Current Issues in Producer Adoption 

  Increased labor costs are one of the major barriers to producer adoption of grafted 

vegetable transplants (Kubota et al., 2008; Rivard et al., 2010). In the U.S., where abundant 

agricultural land allows for more crop rotation and labor costs are high, these issues are even 

greater. However, as soil fumigants become increasingly expensive and regulated, interest in 

grafting has grown, and researchers are now striving to increase grafting efficiency and decrease 

labor costs (Rivard et al., 2010). Grafting requires increased labor and time investment at the 

beginning of the growing season. Grafting robots have been utilized in Asia and Europe since the 

1990s to automate the grafting process and reduce labor costs (Kurata, 1994). These machines 

have not been widely adopted by growers, as they are expensive and are unable to discern 

differences in rootstock and scion stem diameter and graft cut angle (L. Benne, personal 

communication; Rivard and Louws, 2006). Robots are not cost effective for most grafting which 
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takes place for only a short period of time each year (L. Benne, personal communication). Plants 

are grafted when scion and rootstock stem diameters are similar in size and plants are at the right 

stage of development. Grafting robots can break down and require repairs during the crucial 

times when plants are at optimal stages for grafting (Kubota et al., 2008).  Furthermore, 

replacement parts and skilled mechanics capable of fixing the robots are mainly located in 

Europe and Asia, thus break downs can prevent robots from grafting for significant amount of 

time (L. Benne, personal communication; Kubota et al., 2008). 

To increase efficiency of manual grafting, Japanese farmers graft cooperatively and can 

graft 71 cucurbit plants per person per hour (Kurata, 1994). Similarly, a large plant propagation 

company that produces most of the grafted tomato transplants for the hothouse tomato industry 

in western North America found that skilled workers produced higher quality grafted plants than 

grafting robots and were capable of grafting approximately 300 tomato plants per person per 

hour. Japan and Canada have wage rates similar to the U.S., and manual grafting can be cost 

effective if the grafting process is divided among skilled workers in an assembly line process. 

  Triploid watermelon is now more widely produced than diploid watermelon in the U.S. 

(USDA ERS, 2005). However, triploid watermelon seed is nearly ten times more expensive than 

diploid watermelon seed and has poor germination rates (60-80%) as compared to diploid 

watermelon (95%) due to a thick seed coat and small airspace within the center of the triploid 

seed (Grange et al., 2003; Kihara, 1951; Maynard, 2001). Triploid watermelon crops are 

therefore transplanted as seedlings to minimize crop loss due to poor germination and to ensure 

optimal plant stands (Maynard, 2001). Propagating seeds in a controlled environment allows 

growers to optimize environmental conditions for germination but significantly increases 

production costs. As triploid watermelon production already requires significant investment in 
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seed costs and transplant production, grafting may be appropriate for managing soilborne 

diseases of triploid watermelon (Pegg and Brady, 2002). 

Rootstock Selection 

Growers in the U.S. have limited access to rootstocks and limited information on regional 

performance of rootstocks. ‘Beaufort’ and ‘Maxifort’ interspecific tomato hybrids (S. 

lycopersicum L. × S. habrochaites) are two commercial rootstocks readily available to vegetable 

growers in the U.S., and have been widely utilized in commercial tomato production in North 

America (L. Benne, personal communication; Rivard and Louws, 2008). Rivard and Louws 

(2008) found that grafting heirloom tomatoes onto vigorous rootstocks such as ‘Beaufort’ and 

‘Maxifort’ effectively controlled bacterial wilt (caused by Ralstonia solanacearum), Fusarium 

wilt (caused by Fusarium oxysporum f. sp. lycopersici), Southern blight (caused by Sclerotium 

rolfsii) and root-knot nematode while increasing plant vigor and yields in the southeast U.S. 

Romano and Paratore (2001) found that ‘Beaufort’ rootstock increased vigor and yield of grafted 

tomato, but had no effect on fruit quality. There is limited information on using these 

interspecific tomato hybrids as rootstocks for eggplant. Solanum aethiopicum (previously known 

as Solanum integrifolium Poir.) was one of the first rootstocks used in commercial grafted 

eggplant production, and continues to be a popular rootstock species (Kubota et al., 2008; Oda, 

1999). Today, many grafted eggplant utilize wild eggplant species such as S. aethiopicum, 

Solanum sisymbrifolium, and Solanum torvum. Eggplant grafted onto S. torvum rootstock has 

been shown to successfully prevent V. dahliae infection (Bletsos et al., 2003). However, S. 

torvum is a federally regulated noxious weed whose entry and distribution within the U.S. is 

prohibited (USDA APHIS, 2011). 



 
 

9 
 

Watermelon grafting has primarily focused on two rootstock species, Cucurbita moschata 

and Lagenaria siceraria. Both species have greater tolerance to cold soil temperature than 

watermelon cultivars. L. siceraria is the most commonly used watermelon rootstock in Japan, as 

it is highly compatible with watermelon, results in consistent watermelon yields, and is resistant 

to Fusarium wilt. Since the 1970s, L. siceraria cultivars have been bred specifically for rootstock 

purposes, namely disease resistance and graft compatibility (Sakata et al., 2007). C. moschata 

rootstock cultivars are less popular, because the vigor of the rootstock cultivar directly affects 

yield of the scion cultivar, and C. moschata-grafted watermelon can have delayed female 

flowering and poor fruit shape and quality (Sakata et al., 2007).   

Verticillium Wilt  

Verticillium wilt is very common and widespread in irrigated agriculture in Washington 

State, particularly in eggplant production (Sunseri and Johnson, 2001). Symptoms of the disease 

generally develop later in the growing season after the majority of production costs have been 

incurred and can result in over 50% reduction in yield (Bletsos et al., 2003; Pegg and Brady, 

2002).  

V. dahliae infects plant roots and rapidly colonizes xylem tissue, restricting water uptake 

and causing irreversible wilting and plant death (Pegg and Brady, 2002). Initial symptoms of 

Verticillium wilt are characterized by interveinal chlorosis on leaves followed by wilting and v-

shaped necrotic lesions (Elmer and Ferrandino, 1991). V. dahliae produces microsclerotia, long-

lived survival structures, within the infected plant tissue. These microsclerotia are capable of 

persisting in the soil for more than ten years and are easily spread within fields when plant 

residue is reincorporated into the soil and can be distributed within and between fields by 

contaminated equipment (Green, 1980; Menzies and Griebel, 1967; Pegg and Brady, 2002; 
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Schnathorst, 1981). Due to the longevity of microsclerotia in soil and the wide range of plant 

species which can be hosts, crop rotation is ineffective in reducing V. dahliae populations 

(Klosterman et al., 2009; Pegg and Brady, 2002).  

Eggplant cultivars are highly susceptible to V. dahliae and commercial cultivars have 

only little or no tolerance to Verticillium wilt (Bletsos, 1997; Nicklow, 1983). Grafting eggplant 

onto V. dahliae resistant rootstocks has been shown to effectively reduce the incidence of 

Verticillium wilt in eggplant in Greece (Bletsos et al., 2003). Vegetable breeding programs have 

produced many V. dahliae resistant tomato cultivars. Most commercial tomato cultivars have V. 

dahliae race 1 resistance due to a single Ve gene bred into commercial cultivars in the 1920s, and 

some commercial cultivars have multigenic resistance to V. dahliae race 2 (Bryan, 1925; Pegg 

and Brady, 2002). However, growers often continue to grow susceptible varieties such as 

heirloom varieties due to high customer demand, their unique fruit color, shape, and flavor, and 

thus their higher market value (Grassbaugh et al., 1999; Rivard and Louws, 2008).  

Rivard and Louws (2008) found that grafting heirloom tomatoes onto vigorous rootstocks 

such as ‘Beaufort’ and ‘Maxifort’ effectively controlled bacterial wilt (caused by Ralstonia 

solanacearum), Fusarium wilt (caused by Fusarium oxysporum f. sp. lycopersici), Southern 

blight (caused by Sclerotium rolfsii) and root-knot nematode while increasing plant vigor and 

yields in the southeast U.S. Romano and Paratore (2001) found that ‘Beaufort’ rootstock 

increased vigor and yield of grafted tomato but had no effect on fruit quality. There are no 

cucurbit rootstocks known to be resistant to Verticillium wilt (Davis et al., 2008b). However, 

watermelon grafted onto commercial cucurbit rootstocks have shown increased tolerance of 

Verticillium wilt and delayed onset of symptoms for up to 20 days (Paplomatas et al., 2000; 

Paroussi et al., 2007). The increased root mass and vigor of commercial cucurbit rootstocks 
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appears to increase scion development despite pathogen infection and provides an effective 

management strategy for Verticillium wilt in watermelon production (Davis et al., 2008b). There 

is limited information on the effectiveness of grafting to manage Verticillium wilt in triploid 

watermelon production. 
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Grafting Techniques 

 Grafting and healing techniques differ for crop type, scale of grafting, worker skill and 

available equipment and facilities. There are four main grafting techniques used in grafting 

vegetables: splice grafting, tongue approach grafting, cleft grafting, and hole insertion grafting 

(Sakata et al., 2007). Selecting the most appropriate grafting technique must take into 

consideration the vegetable, the rootstock, plant maturity, quantity of plants to graft, 

environmental control and healing structure (Sakata et al., 2007).  

 Prior to grafting, Oda (2007) recommends exposing the scion and rootstock plants to 

sunlight and withholding water for 2 to 3 days prior to grafting to avoid spindly growth which 

can decrease graft success. During the grafting process however, environmental conditions that 

increase transpiration rate such as direct light and wind should be avoided (Oda, 2007; Rivard 

and Louws, 2006). Plants must be handled quickly during the grafting procedure, since 

desiccation at the cut graft surface could be fatal (Oda, 2007).  

Splice grafting is also known as slant-cut grafting, tube grafting or top grafting (Oda, 

1999; Oda, 2007; Rivard and Louws, 2006; Sakata et al., 2007). This technique allows plant 

material to be grafted at a younger age with seedlings grafted when the stem is 1.5-2 mm in 

diameter and plants have developed 2-4 true leaves (Kubota et al., 2008; Rivard and Louws, 

2006). Rootstock and scion are grafted at 45º angles and held together with a grafting clip. The 

rootstock is cut at a 45º or greater angle below the cotyledons to prevent adventitious shoot 

formation from the rootstock (Bausher, 2011). Steeper angled cuts maximize surface area 

resulting in greater pressure between scion and rootstock, more contact between vascular 

bundles, and thus higher survival (Oda, 2007). The scion is cut at a corresponding angle at a 

point on the stem where the diameter best matches rootstock diameter, either below or above the 
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cotyledons. Splice grafting is efficient and easy to learn, and the steps for this grafting procedure 

can easily be divided among many workers (Hartmann et al., 2002; Oda, 2007). Splice grafting is 

the most commonly used technique for producing large numbers of grafted plants, as it is 

possible to graft plants 2-3 times faster and at a younger age than other methods (Oda, 1999; 

Oda, 2007; Rivard et al., 2010). When grafting large quantities of plants, grafting when plants 

are smaller in size maximizes space usage in healing chambers and greenhouses thereby 

reducing costs (Kubota et al., 2008; Oda, 2007). Nearly all commercial tomato grafting and most 

eggplant grafting operations are done using the splice grafting technique (Oda, 1999; Oda, 2007; 

Rivard et al., 2010). However, splice grafting can have lower survival rates than tongue approach 

or hole insertion if the healing environments is not optimal. Obtaining high survival with this 

technique requires that the graft union be secured by a grafting clip and healed in a high 

humidity environment such as a healing chamber (Sakata et al., 2007). 

Watermelon were first grafted using the cleft grafting technique but the tongue approach 

technique became more widely used due to higher success rate (Hassell et al., 2008; Oda, 1999). 

Today, watermelon are grafted using one-cotyledon grafting, tongue approach grafting, or hole 

insertion grafting. The tongue approach technique, also known as in-arching is nearly identical to 

side grafting except the top of the rootstock is removed during the grafting process (Hassell et al. 

2008; Oda, 2007). The hole insertion technique, also known as stabbed grafting, is the main 

technique used by small-scale operations when grafting melon or watermelon onto Cucurbita or 

Lagenaria rootstock; it does not require grafting clips, has a reliably high survival rate, and 

allows for labor to be divided among workers (Dau et al., 2009; Oda, 2007; Salehi et al., 2008). 

Large-scale grafting operations such as done by wholesale suppliers generally use splice grafting 

or one cotyledon grafting for efficiency (Sakata et al., 2007). Regardless of technique, 
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watermelon is generally grafted when the first true leaves have just begun to emerge for scion 

and rootstock plants (Hassell et al. 2008; Kubota, 2010). If rootstock seedlings have matured 

beyond the first true leaf stage, it can be difficult to remove the apical meristem. As cucurbit 

rootstocks are very vigorous, failure to completely remove meristematic tissue can result in 

unwanted and prolific rootstock suckering (Hassell et al., 2008).  

Healing Chamber Design 

 Jeffree and Yeoman (1983) observed that it took an average of 5 days for graft union 

formation, that is for xylem of rootstock and scion to connect, in tomato grafted using the splice 

grafting technique. Callus begins to develop at the wound site 2 d after grafting, wound vessels 

differentiate within callus tissue 4 days after grafting, and wound vessels connect to xylem of 

rootstock and scion approximately 5 days after grafting (Jeffree and Yeoman, 1983; Turquois 

and Malone, 1996). Water uptake is fully restored through the tomato graft union after 8 days 

(Fernandez-Garcia et al., 2004).  

During this 8-day time period, development of the graft union, also known as the healing 

period, a high humidity environment with stable temperatures ranging from 21 to 29 ºC must be 

maintained to minimize stress to the scion. Research programs and industry guidelines 

recommend a diverse range of temperature and relative humidity (RH) levels during this healing 

period. De Ruiter Seeds (2006) suggests that the optimal temperature range for healing grafted 

tomatoes is 21 to 22 °C with a maximum temperature range of 28 to 29 °C. Some research 

programs suggest healing cucurbit plants at 28 to 30 °C (Hassell et al., 2008; Lee, 2007; 

McAvoy, 2005; Oda, 2007). Low temperature and low humidity can delay callus formation and 

thus healing of the graft union. The healing environment should be maintained between 85% and 

100% RH for both tomato and cucurbit plants (Davis et al., 2008; Rivard and Louws, 2006). 
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Some authors specifically state that the environment should be maintained at greater than 95% 

RH for cucurbits (Hassell et al., 2008; Lee, 2007; McAvoy, 2005; Oda, 2007). Although some 

large-scale commercial grafting operations often use environmentally controlled growth 

chambers to hold plants during the healing process, these chambers are not cost effective for 

most operations (Hassell et al., 2008; Oda, 2007). Instead, many growers and grafting 

researchers construct healing chambers, which are small structures covered in plastic, that are 

placed within a greenhouse (Davis et al., 2008b; Hassell et al., 2008; Rivard and Louws, 2006).  

Healing chambers are an economical option for creating a humid environment. Maintaining 

temperatures within the optimal range with high RH is of primary concern when healing grafted 

vegetable seedlings. Temperature within the healing chamber is directly impacted by temperature 

within the greenhouse. RH can be increased by spraying the healing chamber with water, 

flooding the bottom of the chamber with water, or using a humidifier within the healing chamber 

(Hassell et al, 2008; McAvoy, 2005; Rivard and Louws, 2006). Little information is available 

regarding recommended design, dimensions, and management of healing chambers. 

Fruit Quality 

 Romano and Paratore (2001) found that ‘Beaufort’ rootstock increased the vigor and 

yield of grafted tomato but had no effect on fruit quality. Flores et al. (2010) found that fruit 

from ‘Kyndia’, an indeterminate commercial cultivar, grafted onto  ‘UC82B’, a determinate 

processing tomato known to have high SSC, had higher soluble solid content (SSC) as compared 

to fruit harvested from self-grafted tomato plants. 

The effect of grafting on fruit quality of watermelon has been much more widely studied 

than the effect of grafting on tomato or eggplant fruit quality. Cucurbit rootstocks have been 

found to significantly impact fruit quality of grafted watermelon plants (Davis et al., 2008a, 
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Davis et al., 2008b). Fruit shape, firmness, total soluble solids (TSS), and lycopene are the main 

fruit quality parameters assessed for watermelon (Maynard, 2001; USDA, 2006). U.S. No. 1 fruit 

must be well formed with a shape true to the cultivar, free from defects, firm, and not overripe 

with greater than 8% TSS (USDA, 2006). Watermelon grafted onto interspecific squash 

rootstock (Cucurbita maxima × Cucurbita moschata Duchesne) generally yield fruit that are 

significantly larger in size with firmer flesh than fruit from non-grafted plants (Huitron-Ramirez 

et al., 2009; Lee, 1994; Paroussi et al., 2007). Pumpkin (Cucurbita spp.) rootstocks can 

negatively affect the fruit quality of grafted watermelon resulting in thicker pericarp, poor 

soluble solids, and an excessively firm fibrous texture (Sakata et al., 2007). Paroussi et al. (2007) 

found that watermelon cv. ‘Crimson Sweet’ grafted onto interspecific squash hybrid rootstock 

(Cucurbita maxima × Cucurbita moschata Duchesne cv. ‘Mahmouth’) had higher yields but 

lower TSS than when grafted onto four bottle gourd rootstocks. Bruton et al. (2009) found that 

watermelon grafted onto C. maxima x C. moschata rootstocks had higher fruit firmness but 

equivalent lycopene content and TSS as compared to non-grafted watermelon. Cushman and 

Huan (2008) and Paroussi et al. (2007) also found that TSS was not affected by grafting.  

Watermelon cv. ‘Crimson Tide’ grafted onto interspecific squash rootstock (C. maxima × 

C. moschata) has been shown to accumulate higher amounts of p,p’-DDTs (chemical residues 

from organochlorine pesticides) in fruit than non-grafted watermelon (Isleyen et al., 2012). 

Kubota et al. (2008) similarly describe accounts of grafting solanaceous crops onto jimsonweed 

(Datura stramonium L.) in the 1930s in the southern U.S.; this was abandoned likely due to 

potential accumulation of toxic alkaloids in fruit (Isbell, 1944; Lowman and Kelly, 1946).   

Physiological Leaf Roll in Tomato  
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Physiological leaf roll, a disorder which causes irreversible inward rolling of the leaf 

margins, is common throughout the Pacific Northwest and symptoms can be mistaken for virus 

infection (PNW VEG, 2010). The cause of physiological leaf roll severity has not yet been 

determined, although high temperatures, waterlogged soils, nitrogen fertilizer, light intensity, and 

pruning have all been considered possible causes (Damicone and Brandenberg, 2010; Magalheus 

and Wilcox, 1983; Woltz, 1968). Factors affecting plant water uptake and plant water potential 

may also cause physiological leaf roll (Kennelly, 2009). During the formation of the graft union, 

hydraulic connections are formed between the xylem vessels of the rootstock and scion stems; 

thus, the process of grafting affects the structure of the vascular system at the base of the main 

stem (Turquois and Malone, 1996). Because the hydraulic architecture of grafted plants is 

altered, grafting could possibly affect physiological leaf roll severity, and so was also assessed in 

this study.   
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CHAPTER 2 

EFFECT OF HEALING CHAMBER DESIGN ON THE SURVIVAL OF GRAFTED  

EGGPLANT, TOMATO, AND WATERMELON. 

(Published in HortTechnology, 2011, vol. 21(6):752-758 by Sacha Johnson and Carol A. Miles) 

Abstract 

  Successful grafting of vegetables requires high relative humidity (RH) and optimal 

temperatures for approximately 1 week following grafting to reduce transpiration of the scion 

until rootstock and scion vascular tissue are healed together and water transport is restored. This 

study evaluated the effect of three healing chamber designs on the survival of grafted eggplant 

(Solanum melongena), tomato (Solanum lycopersicum), and watermelon (Citrullus lanatus). The 

three healing chamber designs were 1) an industry design which was hand misted, 2) a research 

design which contained a humidifier, and 3) a simplified design which was shadecloth only and 

hand misted. All plants were self-grafted using the splice grafting technique, placed in the 

healing chamber for 7 d after grafting and evaluated for signs of wilting and graft failure from 

day 6 to day 14 after grafting. During the 7-d healing period, the industry design had the greatest 

fluctuation in temperature, the research design had the greatest fluctuation in RH, and the 

shadecloth only design had the least fluctuation in both temperature and RH. When the healing 

chambers were closed on day 2 after grafting, the industry healing chamber had higher mean 

temperature and RH (24.9 
o
C, 98%) than both the research (23.4 

o
C, 81%) and shadecloth only 

(23.3 
o
C, 52%) healing chambers. These results suggest that a humidifier may not be necessary 

to maintain high RH. Mean graft survival in the industry (69%) and research (66%) healing 

chambers were similar, and both were higher than the shadecloth only healing chamber (52%). 

Tomato had the highest rate (98%), eggplant was intermediate (82%), and watermelon had the 
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lowest mean survival rate (7%); there was no interaction between healing chamber and crop. The 

very low survival rate of watermelon was most likely due to the grafting technique used in this 

study, which is not optimal for watermelon. Tomato graft survival was high in all three healing 

chambers (96-98%), suggesting that high RH is not essential for tomato graft survival. Eggplant 

graft survival decreased from 90% to 60% when RH was decreased, suggesting that high RH is 

essential for eggplant graft survival.  

Introduction 

High value vegetable crops such as eggplant (Solanum melongena), tomato (Solanum 

lycopersicum), and watermelon (Citrullus lanatus) are grafted to increase vigor, yield, tolerance 

to salinity and temperature extremes, and disease resistance (Lee, 1994, 2003; Lee, 2007; 

Paroussi et al., 2007; Rivard and Louws, 2008). Production and demand for grafted vegetable 

plants continues to increase across Asia and Europe, and has begun to expand to North America 

(Kubota et al., 2008; Lee, 2003). Grafted vegetable plants are not widely available in North 

America and large-scale plant propagators as well as small-scale producers are looking for 

recommendations for grafted vegetable transplant production (Kubota et al., 2008).  

The splice grafting technique, also known as top grafting or tube grafting, is widely used 

among vegetable grafting operations as it is efficient and easy to learn. By using splice grafting, 

producers can graft 2 to 3 times faster than with other grafting techniques, thereby optimizing 

labor costs and greenhouse space (Hartmann et al., 2002; Lee, 2007; Oda, 2007; Rivard and 

Louws, 2006). In splice grafting, rootstock and scion are cut at 45° angles and cut surfaces are 

held together by a grafting clip (Hartmann et al., 2002; Oda, 2007). It takes an average of 5 to 8 d 

for the graft union of an herbaceous plant to develop vascular connectivity between rootstock 

and scion (Fernandez-Garcia et al., 2004; Turquois and Malone, 1996). During this time, the 
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scion is not able to access water from the rootstock. Therefore, it is important to maintain proper 

environmental conditions to prevent water loss from the scion and promote rapid formation of 

the graft union (Davis et al., 2008). Survival of grafted plants will be higher if plants are kept in a 

controlled environment with high relatively humidity (RH) and optimal temperatures (Davis et 

al., 2008; De Ruiter Seeds, 2006; Hassell et al., 2008; Oda, 2007).  

Research programs and industry guidelines recommend a wide range of temperature and 

RH levels for healing grafted vegetable seedlings. De Ruiter Seeds (2006) suggests that the 

optimal temperature range for healing grafted tomatoes is 21 to 22 °C with a maximum 

temperature range of 28 to 29 °C. Other research programs suggest healing cucurbit plants at 28 

to 30 °C (Hassell et al., 2008; Lee, 2007; McAvoy, 2005; Oda, 2007). The healing environment 

should be maintained between 85% and 100% RH for both tomato and cucurbit plants (Davis et 

al., 2008; Rivard and Louws, 2006). Some authors specifically state that the environment should 

be maintained at greater than 95% RH for cucurbits (Hassell et al., 2008; Lee, 2007; McAvoy, 

2005; Oda, 2007). Although some large-scale commercial grafting operations often use 

environmentally controlled growth chambers to hold plants during the healing process, these 

chambers are not cost effective for most operations (Hassell et al., 2008; Oda, 2007). Instead, 

many growers and grafting researchers construct healing chambers which are small structures 

covered in plastic, and placed within a greenhouse (Davis et al., 2008; Hassell et al., 2008; 

Rivard and Louws, 2006).  

Healing chambers are an economical option for creating a humid environment. 

Maintaining temperatures within the optimal range and high RH are of primary concern when 

healing grafted vegetable seedlings. Temperature within the healing chamber is directly impacted 

by temperature within the greenhouse. RH can be increased by spraying the healing chamber 
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with water, flooding the bottom of the chamber with water, or using a humidifier within the 

healing chamber (Hassell et al, 2008; McAvoy, 2005; Rivard and Louws, 2006). Little 

information is available regarding recommended design, dimensions, and management of healing 

chambers. The objective of this study was to compare the survival of grafted eggplant, tomato, 

and watermelon plants in three different healing chamber designs modeled after research, 

industry and small-farm designs commonly used in North America. 

Materials and Methods 

Experimental conditions. This study was conducted at the Washington State University 

Northwestern Washington Research and Extension Center (WSU NWREC) greenhouse facilities 

in Mount Vernon, WA (lat. 48°26'23.09" N, long. 122°23'44.04" W).  The mean outdoor 

temperature during this period was 5.3 °C with a mean daily solar radiation of 92.7 W·m-2 

(WSU AgWeatherNet, 2011). The healing chambers were located in a heated greenhouse where 

temperature and RH ranged from 20.2 to 24.8 °C and 29% to 68%, respectively (Argus Control 

Software Firmware, Version 14.12, White Rock, Canada) during the study period. Natural light 

was supplemented with 03-high-intensity discharge (HID) lights to achieve a 12-h photoperiod to 

simulate a typical daylength when vegetable plants would be grafted for field production. 

Greenhouse temperature and relative humidity were measured throughout the study period. 

Plant material. Three commonly grafted vegetable crops and cultivars grown in the 

Pacific northwestern U.S. (‘Epic’ eggplant, ‘Cherokee Purple’ tomato, and ‘TRI-X Brand 313’ 

watermelon) were chosen for the study. Seeds were sown into 72-cell (59-mL) plug trays 

containing commercial sphagnum-peat-based media (Sunshine #1 Natural & Organic; Sun Gro 

Horticulture, Vancouver, Canada) on 7, 14, and 21 Jan. Prior to grafting, plants for each crop 

were randomized and transferred into two 72-cell plug trays with an empty cell between each 
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plant and neighboring plants in adjacent rows. On 24 Jan., 31 Jan., and 7 Feb., 14 to 17 d after 

seeding, when stems had reached 1.5 to 2.5 mm diameter, plants were self-grafted below the 

cotyledons using the splice-grafting technique. A self-grafted plant is cut and grafted back 

together, and this method was used in this study to minimize potential random variation due to 

differences in rootstock and scion stem diameters, uneven grafting cuts, and incompatibility 

between scion and rootstock (Hartmann et al., 2002). Plants were held together using 1.5-mm or 

2-mm silicon grafting clips.  

Healing chamber construction and management. All healing chamber frames were 

constructed from polyvinyl chloride (PVC) pipe and set on greenhouse benches. The floors of 

the research and industry healing chambers were lined with clear plastic sheeting, and the 

healing chambers were covered in 6 mil polythene plastic (90% light transmission in 

photosynthetically active radiation (PAR), Ginegar Plastic Products, Ginegar, Israel). The plastic 

covering the research and industry healing chambers was tightly attached with clips to the 

bottom plastic to minimize moisture loss. A high density woven polypropylene shadecloth (27% 

light transmission in PAR) was used to cover all three healing chambers. 

The covering materials, misting applications, dimensions and volumes of the three 

chambers included in this study are presented in Table 1. The research healing chamber 

dimensions, coverings, and management were based on healing chamber designs used in other 

research programs (Rivard and Louws, 2006; X. Zhao, personal communication, 16 Mar. 2010). 

The humidifier (Herrmidifier 707U, model 356686-001C, Herrmidifier, Phoenix, AZ) was 

placed at one end of the healing chamber and the water supply system was embedded in the 

concrete flooring so water temperature was approximately the same as the current soil 

temperature, which averaged 5.2 
o
C during the time when this study was conducted. The industry 
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healing chamber dimensions, coverings, and management were similar to those used in a 

commercial grafting production facility. Hand-misting was with a spray nozzle attached to a 

hose. The shadecloth only chamber dimensions were similar to the industry chamber dimensions 

and coverings were intended to reduce light but not to increase RH.  

All plants were hand-misted with a spray bottle immediately after grafting and then 

placed into one of the three healing chamber treatments (research healing chamber, industry 

healing chamber, or shadecloth only chamber) for 7 d. When plants were placed in the healing 

chambers, the interior of the research healing chamber was not misted, the inside of the industry 

healing chamber was sprayed with water, and grafted plants in the shadecloth only healing 

chamber were misted again. The day when grafting occurred was referred to as day 1 with 

subsequent days during healing and acclimation numbered chronologically following day 1. 

Healing chambers were not opened and plants were not disturbed on days 1 and 2. Plants were 

not watered while in the healing chamber, all moisture was from misting: 20 seconds every 5 

min in the research healing chamber; hand-misting on days 3, 5, 6 and 7 in the industry healing 

chamber; and hand-misting twice a day, days 2 to 7 in the shadecloth only healing chamber. 

Temperature and RH in the three healing chambers were monitored every 5 min with a Hobo 

Micro Station data logger for 7 d after grafting (Hoboware H21-002, Bourne, MA). Day 2 was 

selected for analyzing temperature and RH since research and industry healing chambers had not 

been disturbed for at least 40 h, including 8 h before and after this time period.  

Vapor pressure calculations. To understand RH differences in the research and industry 

healing chambers, the saturation vapor pressure (es), the maximum possible amount of water 

vapor at a given temperature (T), was calculated from the mean temperature (T) using Tetens 

formula (Buck, 1981; Campbell and Norman, 1998): 
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               (
       

        
)                          [1] 

Partial vapor pressure (ea), the actual amount of vapor pressure in the system, was determined 

from mean relative humidity (hr) and the saturation vapor pressure (es(T)): 

               [2] 

The vapor deficit is the difference between existing relative humidity and maximum relative 

humidity in a given body of air, and is measured by calculating the difference between saturation 

vapor pressure (Eq. 1) and partial vapor pressure (Eq. 2) (Campbell and Norman, 1998). The 

vapor deficit was calculated for the industry and research healing chambers to better understand 

the relationship between temperature and relative humidity within these two chambers. 

Evaluation of plant response. The acclimation process used in the study was developed 

for grafted tomato plants (De Ruiter Seeds, 2006).  From days 5 to 8, plants were gradually 

acclimated to the greenhouse environment, and plants in all three healing chambers followed 

identical acclimation schedules. Shadecloth and plastic sheeting were removed from the healing 

chambers for 30 min on day 5, 1 h on day 6, and 6 h on day 7. On day 8, plants were removed 

from the healing chambers. Graft survival was counted every day beginning on day 6 and ending 

on day 14. Graft survival was defined as turgidity of scion leaves and stem; failed grafted plants 

had entirely wilted scion leaves and stems.  

Experimental design and statistical analysis. The experiment was a randomized complete 

block design (RCBD) with a two-way treatment structure with three time replicates conducted 

between 7 Jan. and 21 Feb. 2011. The two treatments were healing chamber design (research 

design, industry design, and shadecloth only design) and crop (eggplant, tomato, and 

watermelon), and there were 72 plants per crop per healing chamber. The survival data in this 
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study followed binomial rather than normal distribution, and therefore could not be analyzed 

using analysis of variance or a general linear model. Based on survival counts for each day, a 

logit model (logistic regression) was used to estimate the probability of survival and compute test 

statistics using SAS (Version 9.2; SAS Institute, Cary, NC) with PROC GLIMMIX at P ≤ 0.05. 

Temperature and RH data were analyzed with one-way analysis of variance in SAS with PROC 

MIXED at P ≤ 0.05. Treatment differences were assessed using the LSMeans statement to 

analyze differences in least squares means. Mean values for temperature and RH were calculated 

using SAS.   

Results and Discussion 

Temperature and RH during the 7-d healing period. There was a diurnal fluctuation in 

temperature in all three healing chamber structures with the lowest mean temperature of 22.2 °C 

at 200 to 400 HR and the highest mean temperature of 25.6 °C at 1400 to 1600 HR (Fig. 1). The 

temperatures within the healing chambers were very similar to the greenhouse temperature, 

which were between 20.2 and 24.8 °C. The industry healing chamber had the greatest fluctuation 

in temperature and the highest daily temperature throughout most of the 7-d healing period. The 

daily high temperature in the industry healing chamber averaged 2 to 4 °C greater than the 

research and shadecloth only healing chambers at the beginning of the healing period when the 

chamber was closed, and by day 6 after grafting, was equal to the shadecloth only healing 

chamber but remained 1 to 2 °C greater than the research healing chamber. The research healing 

chamber had the lowest night temperature and averaged 0.5 to 2 °C less than the industry and 

shadecloth only healing chambers.  

RH fluctuated diurnally for all three healing chambers when the chambers were closed, 

days 2 to 4, and on average was highest at 200 to 400 HR and lowest at 1600 HR; this diurnal 



 
 

34 
 

pattern was opposite that for temperature. The industry healing chamber had the highest RH on 

days 1 to 3, the research healing chamber was highest on day 4, and both chambers had similar 

RH on days 5 to 7. More frequent misting with cool water and greater internal volume in the 

research healing chamber as compared to the industry healing chamber likely resulted in the 

observed differences in temperature and RH between these two chambers. The shadecloth only 

healing chamber had the lowest RH every day during the healing period, likely because there 

was no plastic covering to maintain the moisture. Temperature and RH within the healing 

chambers are directly affected by greenhouse environmental conditions. Greenhouse conditions 

are directly affected by artificial lights, thermostat regulation, and incoming solar radiation. 

Artificial lights and incoming solar radiation cause increased temperature within healing 

chambers and increased temperatures will affect the RH.  

Temperature and RH within closed chambers. Temperature on day 2, when the research 

and industry healing chambers were closed, differed significantly among healing chambers but 

followed a diurnal pattern such that temperature from 700 to 2100 HR was greatest in the industry 

healing chamber, lowest in the shadecloth only healing chamber, and intermediate in the research 

healing chamber (P < 0.0001; Fig. 2). In contrast, from 0 to 600 HR and 2200 to 2300 HR, 

temperature was greater in the shadecloth only healing chamber, lower in the research healing 

chamber and intermediate in the industry healing chamber. The industry healing chamber had 

significantly higher mean temperature (24.9 °C) than the research and shadecloth only healing 

chambers (23.3 °C and 23.4 °C, respectively), which were not significantly different (P < 

0.0001; Table 2). All healing chambers maintained temperatures within the general temperature 

recommendations (21 to 30 °C).  
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Mean RH differed significantly among all healing chambers and was greatest in the 

industry healing chamber (98%), followed by the research healing chamber (82%), and was 

lowest in the shadecloth only healing chamber (52.6%) (P < 0.0001; Table 2). The industry 

healing chamber maintained RH within the recommended range (85% to 100%), whereas mean 

RH in the research and shadecloth only healing chambers were lower than recommended (Davis 

et al., 2008; Hassell et al., 2008; Lee, 2007; McAvoy, 2005; Oda, 2007; Rivard and Louws, 

2006). RH in both the research and industry healing chambers was greater than in the greenhouse 

as both of these healing chamber structures were covered in plastic which maintained moisture. 

Without plastic to retain moisture, temperature and RH in the shadecloth only healing chamber 

(23.4 °C and 52.6%, respectively) were very similar to greenhouse conditions during the study 

period (22.3 °C and 47%, respectively). The shadecloth and daily misting likely account for the 

slight increase in temperature and RH in the shadecloth only healing chamber as compared to the 

greenhouse.  

Vapor pressure. The industry healing chamber and research healing chamber had mean 

vapor deficits of 0.06 and 0.51 kPa, respectively. Vapor deficit close to 0 kPa indicates the 

highest possible RH in a given environment. Both healing chambers were covered with plastic 

which was clipped closed to form a nearly closed system. In closed systems, evaporation occurs 

until all the available moisture is evaporated or the air at that temperature becomes saturated, that 

is, the saturation vapor pressure is reached. The rate at which the air reaches saturation vapor 

pressure depends on the temperature and the volume of air relative to the volume of water within 

the system (Va/Vw). Higher temperatures result in an increased rate of evaporation and decreased 

RH, although the evaporation rate slows as the air approaches saturation vapor pressure 

(Giancoli, 2005). The volume of air within a healing chamber is defined by the chamber’s 
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structural dimensions. The research healing chamber was 2.9 m
3
 and the industry healing 

chamber was 1.1 m
3
, thus the industry healing chamber had 62% less internal volume than the 

research healing chamber. Based on the vapor pressure calculations it appears that the water 

volume within the industry healing chamber was sufficient for it to reach a greater saturation 

vapor pressure and thus a higher RH than the research healing chamber. Thus the industry 

healing chamber had a greater RH than the research healing chamber during the 7-d healing 

period, despite higher mean temperature in the industry healing chamber and greater water input 

in the research healing chamber. Results from this study suggest that healing chamber 

dimensions should be minimized to reduce the internal volume of air, and decrease the ratio of 

air volume to water volume, thereby maintaining RH near saturation and minimizing 

evapotranspiration from scion leaves.  

Plant survival. Graft survival (complete wilting of all crops was similar in the research 

and industry healing chambers, but was significantly lower in the shadecloth only healing 

chamber (P ≤ 0.05; Table 3). Graft survival for research and industry healing chambers was 

initially 20% greater than the shadecloth only healing chamber, but declined approximately 7% 

from day 6 to 14, whereas graft survival in the shadecloth only healing chamber remained low 

but constant over the 14-d period. Mean survival of eggplant, tomato, and watermelon were 

significantly different and did not change for each crop from day 6 to day 14; tomatoes had the 

highest survival (98%), eggplant was intermediate (80%), and watermelon had the lowest 

survival (7%). Complete wilting does not equate plant death; some plants may appear completely 

wilted on one day and will recover from wilting by producing new growth in following days. 

Thus, the percent survival is variable over time. However, complete wilting was the most logical 

method available to us for monitoring graft failure daily from day 7 to 14. There was no 
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significant interaction between healing chamber structure and crop during the healing period (P 

< 0.0001; Table 3).  

A survival rate of greater than 90% is necessary to justify the added cost and labor of 

grafting (L. Benne, personal communication, 10 Nov. 2010). Tomato had very high survival 

rates in all three healing chamber structures. Mean RH in the shadecloth only healing chamber 

was 53%, and the tomato graft survival was at 96% in this chamber, suggesting that grafted 

tomato plants tolerated lower RH during the healing period when temperatures were 23 to 25 °C. 

Although maintaining constant high RH in healing chamber structures resulted in slightly higher 

survival (98%), our results suggest that maintaining high RH levels is not necessary to attain 

greater than 90% tomato graft survival. Eggplant had 90% survival in both the research and 

industry healing chambers and 60% in the shadecloth only healing chamber, suggesting high RH 

increased graft survival of this crop.  

Watermelon had very low survival in all three healing chamber structures, regardless of 

temperature and RH levels. Watermelon are mainly grafted using the hole insertion technique, 

tongue approach, or one-cotyledon splice grafting technique (Hassell et al., 2008). However, to 

maintain consistency within this study’s experimental design, all crops were grafted using the 

same technique, splice grafting, and acclimated from healing chamber to greenhouse conditions 

in the same manner. Splice grafted watermelon can have very low survival rates if temperature 

and RH are not carefully controlled, that is, with relative humidity maintained above 85% and 

temperature between 20 and 25 °C (Cushman, 2006; Hassell et al., 2008). Both the research and 

industry healing chambers maintained temperature and RH within this recommended range for 

cucurbit grafting, however survival in both these chambers was low (6% and 15%, respectively). 
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Watermelon may need a longer healing period than tomatoes within the healing chamber 

environment or a more gradual acclimation period.  

Results from this study suggest that grafted tomato plants are more tolerant of lower RH 

and variable temperatures within the healing chamber than eggplant, and watermelon is the least 

tolerant of the three crops. While tomato had an acceptably high survival rate in the shadecloth 

only healing chamber, labor requirements for daily misting were higher. Further studies are 

needed to determine if daily misting is required to attain high graft survival in the shadecloth 

only design. No significant differences in survival rates of the three crops between the research 

healing chamber and the industry healing chamber were noted. This finding suggests that a 

humidifier is not a necessary component of a healing chamber for successful grafting. It is 

important to note, however, that under certain conditions (i.e., cool humidifier water 

temperature), a humidifier may lower the temperature within the healing chamber, and this could 

be advantageous, especially in warmer environments where it is more difficult to maintain lower 

temperatures within the greenhouse. Although RH generally decreases with an increase in 

temperature, the industry design had significantly higher RH and temperature than the research 

design. The research design had much larger volume than the industry design, and these results 

suggest that RH is influenced by healing chamber dimensions and subsequent internal volume of 

air.  The low survival rate observed in grafted watermelon suggests that different grafting 

techniques and/or acclimation methods are necessary for successful grafting of watermelon.   
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Table 1. Description of materials, misting treatment, dimensions, and internal volume of the three healing 

chamber designs. 

Healing Chamber 

Design 

Materials
z
 Treatment Dimensions (m)

y 
Volume 

Research Shadecloth, 

plastic, 

humidifier 

Plants misted every 5 

min by humidifier 

for 20 s. 

3.0 m x 1.2 m x 

0.8 m 

2.97 m
2
 

Industry Shadecloth, 

plastic 

Inner surfaces of 

plastic hand-misted 

on Day 1, 3, 5, and 

6 

2.2 m x 0.9 m x 

0.6 m 

0.98 m
2
 

Shadecloth only Shadecloth Plants hand-misted 

twice daily 

1.7 m x 0.8 m x 

0.5 m 

0.69 m
2
 

z
Shadecloth was high density woven polypropylene (27% light transmission in 

photosynthetically active radiation(PAR)) and a double layer was used for all three healing 

chambers; plastic was 6 mil polythene (90% light transmission in PAR, Ginegar Plastic Products, 

Ginegar, Israel); humidifier was a centrifugally atomizing humidifier (Herrmidifier 707U, model 

356686-001C, Herrmidifier, Phoenix, AZ) 

y
1 m = 3.28 ft. 
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Table 2. Relative humidity [RH; mean ± SE (%)] and temperature [mean ± SE (°C)] within three 

healing chambers on day 2 after grafting eggplant, tomato, and watermelon plants. The study 

was conducted in a greenhouse with temperature and RH of 20.2-24.8 °C and 29-68.4% and a 

12-h photoperiod using 03-HID lights. 

z
RH and temperature were analyzed with analysis of variance using SAS (Version 9.2; SAS 

Institute, Cary, NC) using Proc Mixed at P ≤ 0.05.  

y
Temperature data was collected in °C; (1.8 x °C)+32 = °F. 

x
The research and industry healing chambers were covered in clear plastic, and all three healing 

chambers were covered in a double layer of shadecloth. The research design included a 

humidifier that misted the chamber for 20 s every 5 min, the industry design was hand-misted 

on day 3, 5, 6, and 7, and the shadecloth only design was hand-misted twice daily on days 2 

to 7. 

w
Means in columns followed by same letters were not significantly different at P ≤ 0.05. 

Treatment differences were determined using least squares means at P ≤ 0.05.  

Healing chamber 

design
x
 

Relative humidity  

[mean ±SE (%)]
z 

Temperature  

[ mean ±SE (°C)]
y 

Research  82.18 ± 1.13 b
w
 23.36 ± 0.11 b 

Industry  98.09 ± 0.40 a 24.94 ± 0.15 a 

Shadecloth only 52.62 ± 1.16 c 23.29 ± 0.08 b 



 
 

 

Table 3. Effect of vegetable crop type and healing chamber design on graft survival 6 to 14 d after grafting eggplant, tomato, and 

watermelon plants. The study was conducted in a greenhouse with temperature and relative humidity (RH) settings of 20.2-24.8 °C 

and 29-68.4% and a 12-h photoperiod using 03-HID lights. 

 Percent survival (%)
z 

Effect
y 

Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14 

Healing chamber 

treatment
x
  

         

Research  73 a 74 a 66 a 70 a 69 a 68 a 67 a 66 a 66 a 

Industry  77 a 74 a 70 a 72 a 71 a 71 a 70 a 69 a 69 a 

Shadecloth Only 52 b 50 b 52 b 54 b 53 b 53 b 49 b 49 b 52 b 

Crop
w 

         

Eggplant 83 b 81 b 81 b 85 b 85 b 84 b 81 b 79 b 82 b 

Tomato 98 a 98 a 98 a 98 a 98 a 98 a 97 a 97 a 98 a 

Watermelon 20 c 19 c 9 c 14 c 11 c 10 c 8 c 08 c 07 c 

Significance of 

Effect
 

         

Chamber < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Crop < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Chamber x Crop 0.12 0.88 0.49 0.52 0.63 0.63 0.06 0.22 0.40 
z 
Mean percent survival, by effect. Survival was counted daily beginning 6 d after grafting and ending on 14 d after grafting. 

Means in columns followed by same letters are not significantly different at P ≤ 0.05. Graft survival was defined as successful 

formation of graft union and turgidity of scion leaves; scion leaves of failed grafts were entirely wilted.  

4
1
 



 
 

y 
Effects were analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) with PROC GLIMMIX at P ≤ 0.05. Treatment 

differences were assessed using the LSMeans statement to analyze differences in least squares means. 

x 
The research and industry healing chambers were covered in clear plastic, and all three healing chambers were covered with a 

double layer of shadecloth. The research design included a humidifier that misted the chamber for 20 s every 5 min, the 

industry design was hand-misted on day 3, 5, 6, and 7, and the shadecloth only design was hand-misted twice daily on days 2 

to 7. 

w 
Crops chosen for the study are high-value crops that are commonly grafted for disease resistance and increased vigor. 

4
2 
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Fig. 1. Mean temperature (A) and relative humidity (B) in three healing chambers (industry, 

research and shadecloth only) and greenhouse during the 7-d healing period following grafting of 

eggplant, tomato, and watermelon plants. Temperature data was collected in SI units; (1.8 x °C) 

+ 32 = °F. Healing chambers were placed in a greenhouse with temperature and RH of 20.2-24.8 
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°C and 29-68.4% and a 12-h photoperiod using 03-HID lights. The research and industry healing 

chambers were covered in clear plastic, and all three healing chambers were covered in 

shadecloth. The research design included a humidifier that misted the chamber for 20 s every 5 

min, the industry design was hand-misted on day 3, 5, 6, and 7, and the shadecloth only design 

was hand-misted twice daily on days 2 to 7. 
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Fig. 2. Mean temperature (A) and relative humidity (RH; B) in three healing chambers and 

greenhouse during the first full day (day 2) after grafting eggplant, tomato, and watermelon 

plants. Vertical bars represent the mean standard error. Temperature data was collected in SI 

units; (1.8 x °C) + 32 = °F. Healing chamber structures were not disturbed for at least 8 h prior to 

and after this 24-h time period. Healing chambers were placed in a greenhouse with temperature 

and RH of 20.2-24.8 °C and 29-68.4% and a 12-h photoperiod using 03-HID lights. The research 

and industry healing chambers were covered in clear plastic, and all three healing chambers were 
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covered in shadecloth. The research design was misted for 20 s every 5 min by a humidifier, the 

industry design was hand-misted on day 3, 5, 6, and 7, and the shadecloth only design was hand-

misted twice daily on days 2 to 7. 
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CHAPTER 3 

PLANT GROWTH, YIELD, AND VERTICILLIUM WILT REACTIONS OF 

EGGPLANT (SOLANUM MELONGENA L.) GRAFTED ONTO S. AETHIOPICUM AND 

S. LYCOPERSICUM × S. HABROCHAITES ROOTSTOCKS 

Abstract 

Eggplant, a high value crop in Washington, can sustain significant losses from 

Verticillium wilt caused by Verticillium dahliae Kleb. Soil fumigation, the dominant 

management strategy, is increasingly restricted, expensive, and often times not effective; thus, 

producers need alternative tools for managing this disease. Grafting has been used to manage 

soilborne diseases in solanaceous crops throughout the world. Growth, yield, and Verticillium 

wilt severity were evaluated for ‘Epic’ eggplant grafted on Solanum aethiopicum and ‘Beaufort’ 

inter-specific tomato hybrid as well as non-grafted and self-grafted ‘Epic’ eggplant in two field 

and two greenhouse studies in Eltopia and Mount Vernon, Washington in 2010 and 2011. There 

was no consistent difference in plant dry weight among treatments at either field location either 

year. ‘Beaufort’-grafted plants had greater stem diameter than the other treatments at Eltopia, 

and was greater than the other treatments except S. aethiopicum-grafted eggplant at Mount 

Vernon (P = 0.0004 and P = 0.0071, respectively). ‘Beaufort’-grafted plants tended to have 

greater plant height than the other treatments, although it was not significantly different to self-

grafted plants at Eltopia and the other treatments at Mount Vernon (P = 0.0009 and P = 0.0868, 

respectively). Total marketable weight of ‘Beaufort’-grafted eggplant at Eltopia was 45% greater 

than the other treatments in 2010 (P = 0.0093) and 28% greater than the other treatments in 2011 

(P = 0.0567). ‘Beaufort’-grafted eggplant had significantly lower Verticillium wilt severity than 
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the other treatments at both Eltopia and Mount Vernon in both 2010 (P = 0.0062 and P = 0.0030, 

respectively) and 2011 (P = 0.0010 and P = 0.0002, respectively). In two greenhouse studies, 

inoculated plants had significantly lower fresh weight compared to non-inoculated plants (P = 

0.0115 and P < 0.0001). However, there were no consistent disease differences between grafted 

and non-grafted treatments. Inoculated ‘Beaufort’-grafted eggplant and non-grafted ‘Beaufort’ 

had significantly lower disease severity than inoculated self-grafted eggplant, non-grafted 

eggplant, and non-grafted S. aethiopicum (P = 0.0068 and P = 0.0045, respectively) but disease 

severity was not significantly different to inoculated S. aethiopicum-grafted eggplant. 

Verticillium wilt symptoms were observed in ‘Beaufort’-grafted plants and V. dahliae was 

isolated from stems of ‘Beaufort’-grafted plants. The reduced disease severity and increased 

yields of ‘Beaufort’-grafted eggplant suggest that ‘Beaufort’ rootstock may be partially resistant 

to Verticillium wilt or not affected by the isolate used for inoculation. Grafting onto S. 

aethiopicum was not advantageous, as S. aethiopicum-grafted eggplant had not significantly 

different yield and Verticillium wilt severity compared to non-grafted and self-grafted plants. 

Grafting eggplant onto rootstocks which are partially resistant to Verticillium wilt reduces 

disease severity without compromising yield or plant health and may be an effective strategy for 

managing Verticillium wilt in Washington. 

Introduction 

Verticillium wilt (Verticillium dahliae Kleb.) causes significant losses to eggplant crops 

worldwide (Pegg and Brady, 2002). Eggplant cultivars have little or no tolerance to Verticillium 

wilt (O’Brien, 1983). Symptoms of the disease generally develop later in the growing season 

after the majority of production costs have been incurred and can cause over 50% reduction in 

yield (Bletsos, 2003; Pegg and Brady, 2002). Verticillium wilt is very common and widespread 
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in irrigated agriculture in Washington, particularly in eggplant production (Sunseri and Johnson, 

2001).  

V. dahliae infects plant roots and rapidly colonizes xylem tissue, restricting water uptake 

and causing irreversible wilting and plant death (Pegg and Brady, 2002). Initial symptoms of 

Verticillium wilt are characterized by interveinal chlorosis on leaves followed by wilting and 

necrosis (Elmer and Ferrandino, 1991). V. dahliae produces microsclerotia, long-lived survival 

structures, within the infected plant tissue. These microsclerotia are capable of persisting in the 

soil, sometimes for more than ten years, and are easily spread within fields when plant residue is 

reincorporated into the soil or is spread within and between fields by contaminated equipment 

(Green, 1980; Menzies and Griebel, 1967; Pegg and Brady, 2002; Schnathorst, 1981). Due to the 

longevity of microsclerotia in soil and wide range of plant species which can be hosts, crop 

rotation is ineffective in reducing V. dahliae populations (Klosterman et al., 2009; Pegg and 

Brady, 2002). Eggplant cultivars are highly susceptible to V. dahliae and commercial eggplant 

cultivars have only limited resistance to Verticillium wilt (Bletsos, 1997; Lockwood et. al, 1970; 

Nicklow, 1983). Many growers control V. dahliae populations with soil fumigation which is 

expensive and increasingly regulated by the U.S. Environmental Protection Agency (Duniway, 

2002). However, soil fumigants do not completely eradicate pathogen populations, especially 

when disease pressure is high (Hamm et al., 2003). As soil fumigants are increasingly regulated, 

growers in the U.S. need alternatives for managing V. dahliae and other widespread and 

persistent soilborne pathogens (Klosterman et al., 2009; Sande et al., 2011). Grafting eggplant 

onto V. dahliae resistant rootstocks has been shown to effectively reduce the incidence of 

Verticillium wilt in eggplant in Greece (Bletsos et al., 2003). 
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Vegetable grafting is a simple cultural method for producing crops in fields contaminated 

with high populations of certain soilborne plant pathogens. As such, vegetable grafting has been 

widely adopted in regions throughout the world where soil fumigants are not affordable or 

available, and intensive agricultural land use with continuous cropping has increased disease 

pressures from soilborne pathogens such as V. dahliae (Dau et al., 2009; Kubota et al., 2008; 

Rivard and Louws, 2008). Since the early 1900s, vegetable growers throughout the world have 

grafted solanaceous crops onto disease resistant and vigorous rootstocks in order to maintain 

adequate yields on land with undesirable soil characteristics such as high disease pressure, high 

salinity, or unfavorable soil temperatures (Fernandez-Garcia et al., 2002; Kubota et al., 2008; 

Oda, 2007; Sakata et al., 2007). Eggplant was first grafted commercially in the 1950s in Japan 

(Kubota et al., 2008). By the 1980s, grafted plants accounted for 57% of the total eggplant 

production acreage in Japan (Lee, 2007). Today, 25% of the total eggplant production in South 

Korea uses grafted plants (Lee, 2007). Commercial vegetable grafting was introduced to Europe 

in the 1990s by international seed companies and has been adopted in solanaceous crop 

production throughout the Mediterranean region (Bletsos et al., 2003; Kubota et al., 2008). By 

the early 2000s, 5% to 10% of high tunnel eggplant production in Greece used grafted plants 

(Bletsos et al., 2003).  

Grafting increases production costs and is therefore most appropriate for high-value 

vegetable crops such as eggplant (Pegg and Brady, 2002). Increased labor cost is one of the 

major barriers to producer adoption of vegetable grafting (Kubota et al., 2008; Rivard et al., 

2010). In the U.S., where agricultural land is abundant, crop rotation is feasible, and labor costs 

are high, these increased labor costs discourage many growers from adopting grafting. In 

contrast, as soil fumigation has become increasingly expensive and regulated, the interest in 
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grafting has grown. To increase likelihood of grower adoption, researchers are now looking for 

ways to increase grafting efficiency and decrease labor costs (Rivard et al., 2010). 

 ‘Beaufort’ interspecific tomato hybrid (S. lycopersicum L. × S. habrochaites) is one of the 

few commercial rootstocks readily available to vegetable growers in the U.S. and has been 

widely utilized in commercial tomato production in North America (L. Benne, personal 

communication; Rivard and Louws, 2008). There is limited information on using ‘Beaufort’ as a 

rootstock for eggplant. Solanum aethiopicum (previously known as Solanum integrifolium Poir.) 

was one of the first rootstocks used in commercial grafted eggplant production and continues to 

be a popular rootstock species (Kubota et al., 2008; Oda et al., 1996). Today, eggplant is grafted 

onto wild eggplant species such as S. aethiopicum, Solanum sisymbrifolium, and Solanum 

torvum. Eggplant grafted onto S. torvum rootstock has been shown to successfully prevent V. 

dahliae infection (Bletsos et al., 2003). However, S. torvum is a federally regulated noxious 

weed whose entry and distribution within the U.S. is prohibited (USDA APHIS, 2011).  

The primary objective of this research was to evaluate growth, yield, and Verticillium wilt 

response of grafted eggplant in open field production in Washington at field sites with a history 

of Verticillium wilt. A secondary objective was to evaluate eggplant scion and rootstock 

cultivars reactions following greenhouse inoculation with an isolate of V. dahliae obtained from 

infected eggplant in Washington.  

Materials and Methods 

Propagation of grafted plant material. Eggplant grafting was conducted at the 

Washington State University (WSU) Northwestern Washington Research and Extension Center 

(NWREC) greenhouse facilities in Mount Vernon, WA (48°26'23.09" N, 122°23'44.04" W). 

Eggplant scion variety ‘Epic’(Osborne Seeds, Mount Vernon, WA), a standard Italian-type 



 

 

 

52 

  

purple eggplant grown commercially by a cooperating grower, was grafted onto ‘Beaufort’ (S. 

lycopersicum L. x S. habrochaites; Rivard, 2010; De Ruiter Seeds, The Netherlands), and 

Solanum aethiopicum L. (Abundant Life Seeds, Cottage Grove, OR) each April to produce 

material for 2010 and 2011 field trials. Plants were splice-grafted below the cotyledons when 

stems had reached a diameter of greater than 1.5 mm (Bausher, 2011; Rivard and Louws, 2006). 

Plants were placed in a healing chamber immediately after grafting, gradually acclimated to 

greenhouse conditions days 4 to 6, and then removed from the healing chamber on day 7. Plants 

were hardened off for at least 5 d prior to transplanting into the field. 

  Field trial locations and experimental designs. Field trials were conducted at two 

locations in 2010 and 2011, a commercial vegetable farm in Eltopia, WA (46°29'15.64" N, 

119°11'39.93" W) and WSU NWREC in Mount Vernon, WA (48°26'23.09" N, 122°23'44.04" 

W).  At Eltopia, soil type is a Taunton very fine sandy loam (University of California, 2010). 

The study was located in a conventional field in 2010 and a certified organic field in 2011. 

During both years, soil was sampled in the spring prior to field planting to determine presence of 

V. dahliae populations. In 2010, approximately 20 soil samples per acre were taken with a soil 

probe at a depth of 6 inches on 26 Jan. Soil samples were bulked and immediately sent to the 

Oregon State University Plant Clinic in Corvallis, OR for testing. In 2011, soil was sampled on 9 

Mar. following the same sampling protocol as 2010. Soil samples were dried for 2 weeks, and 1 

g of dried crushed soil was evenly distributed using a salt shaker onto ten plates of NP-10 semi-

selective media, and incubated at room temperature in dark conditions for four weeks (modified 

Butterfield and DeVay, 1977; Martin et al., 1982). At Mount Vernon, soil type is a Skagit silt 

loam (University of California, 2010). The site had confirmed Verticillium wilt in 2008 and 
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2009. In October 2010, soil at the Mount Vernon study site was assayed following the protocol 

outlined above. In 2011, the study was located in the same field site as 2010. 

The study design at both locations in both years was a randomized complete block design 

with four treatments and six plants per replicated treatment: (i) non-grafted ‘Epic’, (ii) self-

grafted ‘Epic’ eggplant, (iii) ‘Epic’ grafted onto ‘Beaufort’, and (iv) ‘Epic’ grafted onto S. 

aethiopicum. At Eltopia, the study included five replications both years. At Mount Vernon, the 

study included three replications in 2010 and five replications in 2011. 

  Field maintenance and study establishment. At Eltopia both years, beds were formed 0.1 

m high by 0.9 m wide on 1.4-m centers and laid with irrigation drip tape (T-Tape US Model 506-

12-220; low flow, 16 mm diam., 6 mil wall thickness, 30 cm emitter spacing; John Deere, San 

Marcos, CA) before covering with black plastic mulch (0.9-mm microembossed; Filmtech, 

Allentown, PA). At Mount Vernon, prior to planting both years, the field was rototilled, chisel 

plowed, and rototilled two more times. Raised beds were formed 0.9 m wide by 0.2 m high on 

2.1-m centers, laid with irrigation drip tape (low flow, 16 mm diameter, 8 mil wall thickness, 20 

cm emitter spacing; John Deere, San Marcos, CA), and covered with black plastic mulch (1.0 mil 

embossed; Pliant Corporation, Washington, GA).  

Plants were transplanted on 7 June 2010 and 11 May 2011 at Eltopia and on 10 June 

2010 and 14 June 2011 at Mount Vernon. Plants were spaced 0.6 m apart in beds except at 

Mount Vernon in 2010 where plants were spaced 0.5 m apart. At Eltopia, the study was planted 

within a commercial eggplant field both years. At both locations, buffers of eggplant consisted of 

two plants at the end of each row as well as one complete row on either side of the study site. In 

2011, ten plants at Eltopia died after transplanting and were replaced on 8 June 2011. 



 

 

 

54 

  

 At Eltopia both years, fertilizer was broadcast and the field was disked twice prior to 

shaping bed and laying plastic mulch. In 2010, preplant fertilizer consisted of 112 kg·ha
-1

 N, 90 

kg·ha
-1

 P, and 364 kg·ha
-1

 K. In 2011, preplant fertilizer consisted of 20 kg·ha
-1

 N and 5 kg·ha
-1

 

P.  In 2010, the trial was fertigated with 4.5 kg·ha
-1

 N weekly beginning 1 June. In 2011, the 

study was fertigated five times with 0.78 kg·ha
-1 

N, 0.22 kg·ha
-1

 P, and 0.78 kg·ha
-1

 K per 

application. Fertilizer application each year was made by host site farmer based on soil test 

results. At Mount Vernon, preplant fertilizer consisted of 90 kg·ha
-1 

N, 30 kg·ha
-1 

P, and 70 

kg·ha
-1

 K both years. The trial was fertigated with 1.1 kg·ha
-1 

N every 10 days in 2010 and 

weekly in 2011. The Eltopia study was irrigated 3.5 cm·wk
-1

 in 2010 and 1.2 to 1.6 cm·wk
-1

 in 

2011. The Mount Vernon study was irrigated at a rate of 0.9 cm·wk
-1

 in 2010 and 1.2 cm·wk
-1

 in 

2011.  

 Field plant growth. Plant growth was quantified by stem diameter and plant height in 

2011, as well as measuring plant dry weight in 2010 and 2011. Stem diameter was measured 

approximately 2.5 cm above the soil line using a digital caliper (Model # 700-126, Mitutoyo, 

Aurora, IL). If there was a substantial difference in diameter above and below the graft union or 

if the graft union was 2.5 cm above the soil line, the scion and rootstock diameters were recorded 

separately and averaged. Plant height was measured from the soil line to the average top of the 

plant crown. Area under growth progress curves (AUGPCs) were calculated for stem diameter 

and plant height in each location: 

       ∑  
       

 
          

    

   
                                 

 

where yj is the percent severity at the j
ih

 observation and tj is the days after transplanting at the j
th

 

observation (Shaner and Finney, 1977). Plants were sampled for dry weights after harvest at both 
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locations both years. After the final harvest, the first three consecutive plants per treatment per 

replication were cut at the soil line, and all fruit were removed. Plants were placed in burlap 

bags, dried at approximately 38 °C for 7 d, removed from burlap bags, and weighed. Stem 

diameter and plant height were measured at 42, 56, 71 and 85 days after transplanting (DAT) in 

Eltopia, and 22, 38, 55, and 69 DAT in Mount Vernon. 

Field harvest and yield. At Eltopia, fruit was harvested every 1-2 weeks when there were 

a sufficient number of fruit of marketable size as determined by the grower. Weight and number 

of marketable fruit were recorded. Fruit were harvested at 56, 70, and 87 DAT in 2010 and 56, 

71 and 85 DAT in 2011. Unmarketable fruit was culled in the field. Five representative 

marketable fruit were selected from each plot. For selected marketable fruit, average fruit 

diameter, length, and weight were measured. Diameter was measured at the midpoint between 

the blossom end and stem end. Length was measured along the longitudinal axis, between the 

blossom end and stem end. At Mount Vernon, no eggplant fruit reached marketable size and thus 

harvest data could not be collected for this study either year.  

Field reactions to Verticillium wilt. Severity of Verticillium wilt was estimated per plot at 

least four times at each location during the growing season in 2010 and 2011. At Eltopia, ratings 

were completed between 35 and 87 days after transplanting (DAT) in 2010 and between 42 and 

99 DAT in 2011. At Mount Vernon, ratings were completed between 41 and 89 DAT in 2010 

and 42 and 99 DAT in 2011. Disease assessments occurred as close to the same time of day as 

possible to avoid variation due to light quality and irrigation schedule. Verticillium wilt severity 

was determined by the total percentage of aboveground plant tissue per plot that exhibited 

interveinal chlorosis characteristic of Verticillium wilt (Agrios, 1997; Pegg and Brady, 2001; 

Schnathorst, 1981). Disease progress curves were generated from severity ratings and an area 
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under the disease progress curve (AUDPC) was calculated from severity values as outlined 

above (Eq. 1). Lower AUDPC values correlate with less Verticillium wilt disease severity 

throughout the growing season. After the final disease rating, the plant with the most severe 

symptoms from each plot was sampled. If no plants within a plot exhibited symptoms typical of 

Verticillium wilt, then the first plant in the plot was sampled. Sampled plants were cut at the soil 

line and topped at approximately 20 cm. All fruit and side branches were removed, and the stem 

was thoroughly rinsed with tap water. Stems were then placed in 10% bleach in sterile deionized 

water for 5 min. After 5 min, stems were rinsed in tap water for 30 s, cut longitudinally and 

placed in a moisture chamber so that the cut surfaces of the stems faced up. The moisture 

chamber was lined with a paper towel saturated with 2% bleach in sterile deionized water. Stems 

were incubated for 4 weeks at room temperature under dark conditions, then examined under a 

dissecting microscope for microsclerotia or verticillate conidia typical of V. dahliae. In 2010, 

presence or absence of microsclerotia was noted to indicate disease incidence. Small pieces of 

infected stem tissue were transferred onto half-strength potato dextrose agar (½-PDA) medium 

or NP10 semi-selective medium. Cultures without contaminants were selected and mycelia 

transferred to ½-PDA medium overlaid with sterile filter paper discs (6-mm diameter) in Petri 

dishes of the same size. After incubation for two to four weeks at room temperature, and when 

the fungal colony had reached maximum diameter, the colonized filter paper disks were removed 

from the media, dried for 24 h under a laminar flow hood, and stored on desiccant at 5.5 ºC. In 

2011, conidia from infected stems were swiped with sterile filter paper and transferred onto ½-

PDA. Isolates with growth characteristic of Verticillium were sent to WSU Plant and Insect 

Diagnostic Laboratory for DNA sequencing to confirm species identification.  
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Greenhouse reactions to V. dahliae in rootstock and scion cultivars. An isolate of V. 

dahliae designated ‘MVEggplant301’ was used as inoculum for the greenhouse study. The 

isolate was obtained in October 2010 from infected stem tissue of ‘Epic’ eggplant grafted onto S. 

aethiopicum at the 2010 Mount Vernon field site. ‘MVEggplant301’ was confirmed as V. 

dahliae and pathogenicity was assessed in a preliminary eggplant inoculation trial conducted in 

Feb. and Mar. 2011. This preliminary trial consisted of five non-inoculated ‘Epic’ eggplant and 

five each of inoculated and non-inoculated ‘Epic’ eggplant. On 5 Feb. 2011, plants were 

transplanted from a 72-cell tray into individual 800-mL containers with commercial sphagnum-

peat-based growing media (Sunshine #3 Natural & Organic, 70-80% Canadian sphagnum peat 

moss, vermiculate, low nutrient charge, and Dolomite limestone; Sun Gro Horticulture, Canada). 

During transplanting, root tips of both inoculated and non-inoculated plants were clipped with 

sterilized scissors. A 6-mm diam. plug of ‘MVEggplant301’ colonized ½-PDA was placed 

immediately below the root zone but in contact with roots in order to inoculate plants during 

transplanting. Plants were grown for 8 weeks in a greenhouse with temperatures maintained at 20 

to 24 °C and a 12-h photoperiod maintained with 03-high-intensity discharge lights. Plants were 

rated weekly, 21 Feb. through 25 Mar. 2011 by recording percent area of plant tissue per pot 

exhibiting interveinal chlorosis, necrosis, and wilting following the same disease rating method 

as used in the field studies. On 25 Mar., stems were assayed for V. dahliae using the same stem 

assay method used for field study assays outlined above. Conidia from infected stems were 

swiped with sterile filter paper and plated on ½-PDA media. Re-isolation of colonies similar to 

‘MVEggplant301’ verified disease occurrence and the pathogenicity of the isolate to eggplant.  

Two greenhouse inoculation studies were established in a randomized complete block 

with three replications of six treatments and four plants per treatment per replication. The 
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experiment was carried out two times between August and November 2011. The six treatments 

were  (i) non-grafted ‘Epic’ eggplant, (ii) self-grafted ‘Epic’ eggplant, (iii)‘Epic’ grafted onto S. 

aethiopicum, (iv) ‘Epic’ grafted onto ‘Beaufort’ interspecific tomato hybrid, (v) non-grafted S. 

aethiopicum, and (vi)  non-grafted ‘Beaufort’. For each treatment and replication, four plants 

were inoculated while four plants were water-inoculated and served as the experimental controls. 

Plant material for the first study was seeded on 21 July and grafted on 15 Aug. Plant material for 

the second study was seeded on 24 Aug. and grafted on 16 Sep. The splice grafting technique 

and acclimation schedule described above for the field trials was used for propagating grafted 

plant material for the greenhouse trials.   

The first and second greenhouse studies were inoculated on 12 Sep. and 3 Oct. 2011 

respectively. ‘MVEggplant301’-colonized filter paper disks were removed from desiccant, 

placed on ½-PDA media in Petri dishes, and incubated for 3-6 weeks in dark conditions at 22 to 

23 ºC. Inoculum in the form of microconidial suspensions was prepared by flooding colonized 

½-PDA media with 15 mL of sterile water. The surface of the medium was scraped with a 

sterilized glass stirring rod to release conidia into the sterile water. The resulting conidial 

suspension was filtered through four layers of sterilized cheesecloth and diluted with 35 mL of 

sterile water. Inoculum density (conidia·mL
-1

) was determined using a Spencer hemacytometer 

counting chamber under a compound microscope at 25X. An appropriate amount of sterile water 

was added to obtain a 1x10
6
 conidia·mL

-1
 concentration. Plants were inoculated by clipping 

approximately 5 mm from root tips and dipping the entire plant root system into the conidial 

suspension for 5 s. Non-inoculated plants (experimental controls) were root clipped and dipped 

in sterile water for 5 s prior to the inoculated treatments to prevent unintentional contamination 

of control treatments.   
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After the clip and dip, plants were transplanted into 800-mL containers filled with 

commercial sphagnum-peat-based growing media (see above). Greenhouse environmental 

conditions were the same as outlined above (see ‘propagation of grafted plant material’). Natural 

light was supplemented with 03-high-intensity discharge lights (see above) for 12-h from 13 Sept 

through 2 Oct. This photoperiod was increased to 16 h on 3 Oct. 2011 to enhance plant growth 

and favor development of Verticillium wilt. Organic Biolink 3N-1.3P-2.5K all-purpose fertilizer 

(Westbridge Agricultural Products, Vista, CA) was applied to both studies at a concentration of 

250 ppm on 20 Oct. 

Plants were rated weekly for disease severity beginning 2 weeks after inoculation, the 

time when plants began exhibiting typical symptoms of Verticillium wilt. Disease ratings 

continued for 5 weeks, and then plants were cut at the soil line and weighed. One plant per each 

treatment/replication combination was randomly selected and assayed for V. dahliae using the 

stem assay protocol described above. Conidia from these stems were plated onto ½-PDA, water 

agar, and NP-10 to re-isolate the pathogen and confirm V. dahliae.  

Statistical analyses. Data were analyzed with one-way analysis of variance in SAS 

(Version 9.2; SAS Institute, Cary, NC) using PROC GLM and P ≤ 0.05. Homogeneity of 

variance was assessed using Levene’s test. If variance was homogeneous, data were analyzed 

using PROC GLM. If variance was not homogeneous, data were analyzed using PROC MIXED 

with a repeated statement to control for non-constant variance. In the greenhouse inoculation 

studies, extremely low AUDPC values for non-inoculated treatments resulted in strongly 

heterogeneous variance, so ranked data were used for analysis of variance. Treatment differences 

were assessed using the LSMeans statement to analyze differences in least squares means.  
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Results 

Field plant growth. At Eltopia, mean plant dry weight ranged from 0.31 to 0.42 kg·plant
-1

 

in 2010 and did not differ due to treatment (Table 1; P = 0.1461). In 2011, ‘Beaufort’ grafted 

plants had significantly greater mean plant dry weight (0.37 kg·plant
-1

) than other treatments 

which were not significantly different (0.21 to 0.27 kg·plant
-
1; P = 0.0054). At Mount Vernon in 

2010, non-grafted plants and self-grafted plants had the greatest mean plant dry weight (0.39 and 

0.36 kg·plant
-1
, respectively) while eggplant grafted onto ‘Beaufort’ and S. aethiopicum 

rootstocks had the least (0.20 and 0.30 kg·plant
-
1, respectively; P = 0.0040). In 2011, mean plant 

dry weight ranged from 0.18 to 0.29 kg·plant
-1

, and weights did not differ due to treatment (P = 

0.3516). However non-grafted plants tended to have the greatest mean plant dry weight (0.29 

kg·plant
-1
) while ‘Beaufort’ grafted plants had the least (0.18 kg·plant

-1
). 

At Eltopia, stem diameter ranged from 0.44 to 0.48 cm at 42 DAT and from 1.68 to 1.83 

cm at 56 DAT in 2011 (Table 2; P = 0.5213 and P = 0.2196, respectively). However, ‘Beaufort’ 

had a greater stem diameter at 71 DAT (2.96 cm) and 85 DAT (3.07 cm) than the other 

treatments, which ranged from 2.32 to 2.47 cm at 71 DAT, and 2.41 to 2.57 cm at 85 DAT 

(Table 2; P = 0.0012 and P = 0.0009, respectively). At Mount Vernon, stem diameter was also 

greatest for ‘Beaufort’ grafted eggplant on 22 (0.47 cm), 55 (0.82 cm) and 69 DAT (1.93 cm) 

than for the other treatments which ranged from 0.38 to 0.42 cm at 22 DAT, 1.17 to 1.34 cm at 

55 DAT, and 1.65 to 1.73 at 55 DAT (P = 0.0001, P = 0.0097, and P = 0.0024, respectively). 

‘Beaufort’-grafted plants had significantly greater mean AUGPC values for stem diameter at 

Eltopia (94.78) compared to the other treatments, which ranged from 78.05 to 79.89 respectively 

(P = 0.0004). Similarly at Mount Vernon, the mean AUGPC value for ‘Beaufort’-grafted plants 
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(51.60) was greater than the other treatments, but not significantly different to S. aethiopicum 

(49.36; P = 0.0071). 

 At Eltopia, mean plant height in 2011 was not significantly different for ‘Beaufort’-

grafted plants (16.57 cm) and non-grafted plants (16.97 cm) but greater than for self-grafted 

plants (14.62 cm) and S. aethiopicum plants (14.08 cm) at 42 DAT (Table 3; P = 0.0012). At 71 

DAT, ‘Beaufort’-grafted plants had significantly greater mean plant height (80.73 cm) than the 

other treatments which ranged from 71.50 to 75.73 cm (P = 0.0020). Mean plant height of 

‘Beaufort’-grafted plants (89.49 cm) was significantly greater than non-grafted plants (80.93 cm) 

and S. aethiopicum-grafted plants (79.97 cm) but not self-grafted plants (84.97 cm) at 85 DAT (P 

= 0.0309). At Eltopia, ‘Beaufort’-grafted plants mean AUGPC values for plant height (2696.21) 

were not significantly different to self-grafted plants (2584.50; P = 0.0009). At Mount Vernon, 

mean plant height for ‘Beaufort’-grafted plants (12.47 cm) was not significantly different to that 

of self-grafted plants at 22 DAT, while mean non-grafted plant height (11.44 cm) was 

significantly less compared to the other treatments (P = 0.0024). ‘Beaufort’ grafted plants tended 

to have the greatest mean plant height 38 and 55 DAT, and was significantly taller than the other 

treatments 69 DAT (51.13 cm; P=0.0233). At Mount Vernon, all treatments had not significantly 

different mean AUGPC values for plant height (P = 0.0868). 

Field harvest and yield. There were very few differences in the eggplant yield at Eltopia 

either year (Table 4). Although ‘Beaufort’-grafted plants tended to have more fruit and higher 

fruit weight, these differences were only significant for total number of fruit (P = 0.0330) and 

total fruit weight (P = 0.0093) in 2010. However, in both years, ‘Beaufort’-grafted plants yielded 

over 0.5 kg more marketable fruit per plant than the other treatments. In 2010, ‘Beaufort’-grafted 

plants had significantly greater total marketable weight (2.49 kg), which was 45% greater than 
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the average of the total marketable weight of the other treatments, and ranged from 1.59 to 1.92 

kg (P = 0.0093). There was little difference among treatments in marketable yield at Eltopia in 

2011. ‘Beaufort’-grafted eggplant had an average total marketable weight of 3.14 kg, 28% 

greater than the average for the other treatments, which yielded between 2.27 and 2.55 kg; this 

difference was not statistically significant (P = 0.0567). There were no significant differences in 

total marketable weight between non-grafted, self-grafted, and S. aethiopicum-grafted eggplant.  

Fruit characteristics in the field. At Eltopia in 2010 and 2011, there were no significant 

differences in eggplant fruit diameter (P = 0.8556 and P = 0.5234, respectively), length (P = 

0.9670 and P = 0.1162, respectively), or weight (P = 0.2592 and P = 0.1622, respectively) 

between grafted and non-grafted treatments in either 2010 or 2011 at Eltopia (Table 4). Due to 

unseasonably cool growing seasons in 2010 and 2011 at Mount Vernon, fruit did not mature and 

there was no marketable yield obtained from the study. 

Field reactions to Verticillium wilt. At Eltopia, there was an average of 2.5 V. dahliae 

colony-forming units per gram of soil (cfu·g
-1

) at the 2010 study location and 3.0 V. dahliae 

cfu·g
-1

 soil at the 2011 study location. At Mount Vernon, an average of 18.0 V. dahliae cfu·g
-1

 

soil were counted at the study location. 

 ‘Beaufort’-grafted plants exhibited less severe Verticillium wilt than the other grafted 

treatments at Eltopia both years (Fig. 1). In 2010, Verticillium wilt severity was 2.5% at 56 

DAT, not significantly different to non-grafted  plants (4%) but significantly lower than self-

grafted plants (9.5%) and S. aethiopicum-grafted plants (7%; P = 0.0205). ‘Beaufort’-grafted 

plants had lower disease severity than the other treatment plants at 70 DAT (6.5% as compared 

to 7.5% to 12.0%) and 87 DAT (2.5% as compared to 5.0% to 7.0%) in 2010, although these 

results were not statistically significant (P = 0.0599 and P = 0.1503, respectively). In 2011, self-
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grafted eggplant had significantly higher disease severity (11.6%) at 71 DAT than the other 

treatments where Verticillium wilt severity ranged from 2.4% to 5.2% (P = 0.0073). At 85 DAT, 

‘Beaufort’-grafted eggplant had significantly lower disease severity (3.2%) than the other 

treatments, and severity ranged from 7.8% to 8.6% (P = 0.0244). At 99 DAT, ‘Beaufort’ had 

lower disease severity (2.6%) than the other treatments (4.1% to 9.6%), although these treatment 

differences were also not statistically significant (P = 0.0720).  

At Mount Vernon in 2010, ‘Beaufort’-grafted eggplant did not exhibit chlorosis 

characteristic of Verticillium wilt, and therefore, disease ratings were significantly lower than for 

the other treatments which ranged between 6.7% and 8.3% by 89 DAT (Fig. 2; P = 0.0392). In 

2011, ‘Beaufort’-grafted plants had 0.2% Verticillium wilt severity at 71 DAT, significantly less 

severe than the other treatments which ranged from 29% to 40% (P < 0.0001). ‘Beaufort’-grafted 

plants continued to have significantly lower disease severity during 2011, and the ratings were 

1.12% by 85 DAT and 0.40% by 99 DAT, significantly lower than the other grafted treatments 

which ranged from 18% to 23% at 85 DAT and 9.6% to 19.0% at 99 DAT (P = 0.0030 and P = 

0.0005, respectively).  

At Eltopia, ‘Beaufort’-grafted eggplant had significantly lower mean AUDPC values 

(162 in 2010; 130 in 2011) than the other treatments where AUDPC ranged from 228 to 397 in 

2010 and 380 to 477 in 2011 (Fig. 3; P = 0.0062 and P = 0.0030, respectively). At Mount 

Vernon, ‘Beaufort’-grafted eggplant also had significantly lower AUDPC values (54 in 2010; 23 

in 2011) compared to the other treatments, which ranged from 257 to 500 in 2010 and 839 to 

1011 in 2011 (P = 0.0010 and P = 0.0002, respectively).  

Of the five stems sampled and assayed per treatment at the Eltopia study in 2010, 

microsclerotia were present in the vascular tissue of three non-grafted, four self-grafted, four S. 
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aethiopicum-grafted, and two ‘Beaufort’-grafted eggplant stems. At Mount Vernon, of the four 

stems sampled per treatment, microsclerotia were only observed in one S. aethiopicum-grafted 

eggplant stem; and, V. dahliae was isolated from this stem. In 2011, V. dahliae was isolated from 

sampled stems from all four treatments at Eltopia, and from non-grafted, self-grafted, and S. 

aethiopicum-grafted eggplant stems but not from ‘Beaufort’-grafted stems at Mount Vernon. 

Evaluation of greenhouse reactions to V. dahliae in rootstock and scion cultivars. 

Symptoms similar to Verticillium wilt were observed across Study 1 and Study 2 in the 

inoculated as well as the non-inoculated grafted treatments, and consequently mean AUDPC 

values were significantly lower for non-inoculated plants (11 and 34, respectively) than 

inoculated plants (112 and 254, respectively; Table 5; P < 0.0001). Inoculated plants in both 

studies had significantly lower fresh weights (4.31 g and 4.15 g, respectively) than non-

inoculated plants (5.83 g and 7.98 g, respectively; P = 0.0115). In study 1, ‘Beaufort’-grafted 

eggplant had the lowest mean AUDPC value but the value was not significantly lower than that 

for S. aethiopicum-grafted eggplants and non-grafted ‘Beaufort’ (46 vs. 69 and 113, respectively; 

Table 6; P = 0.0068). In Study 2, non-grafted ‘Beaufort’ had the lowest mean AUDPC value 

(44), followed by S. aethiopicum-grafted eggplant (211.81) and ‘Beaufort’-grafted eggplant 

(230; P = 0.0045). Non-inoculated treatments did show some wilting and chlorosis in both 

studies; however, mean AUDPC values were low in all grafted treatments with no significant 

differences in AUDPC among treatments (P = 0.6555 and P = 0.5368, respectively). In both 

Study 1 and Study 2 for all grafted plants, inoculated plants had lower fresh weights than non-

inoculated plants except non-grafted ‘Beaufort’ (Fig. 4).  For inoculated treatments in Study 1, 

‘Beaufort’-grafted eggplant and non-grafted ‘Beaufort’ had the highest fresh weights (5.66 g and 

6.77 g, respectively) as compared to the other treatments, although fresh weights were not 
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significantly greater than self-grafted or S. aethiopicum-grafted eggplant (3.80 g and 3.00 g, 

respectively; P = 0.0071). In Study 2, all inoculated grafted treatments had significantly lower 

fresh weight (1.59 to 5.14 g) than inoculated non-grafted ‘Beaufort’ fresh weight (5.73 g) except 

non-grafted eggplant (5.14 g) which was not significantly different (P = <0.0001; Fig. 4). 

Inoculated non-grafted S. aethiopicum had the lowest mean fresh weight of all inoculated 

treatments in both studies (2.90 g and 1.59 g). For non-inoculated treatments in Study 1, there 

was no significant difference in fresh weight among treatments, although self-grafted eggplant 

had the greatest fresh weight (6.94 g) and non-grafted S. aethiopicum had the lowest fresh weight 

(4.20 g; P = 0.2443). In Study 2, non-inoculated non-grafted ‘Beaufort’ and S. aethiopicum had 

significantly lower fresh weights than non-inoculated non-grafted and grafted eggplant, which 

ranged from 9.05 to 10.32 g (P = 0.0009). V. dahliae was isolated from all treatments in both 

studies except ‘Beaufort’-grafted eggplant and non-grafted ‘Beaufort’, and isolate identity was 

confirmed by DNA sequencing at WSU Puyallup. 

Discussion 

Microsclerotia were observed in the vascular tissue of ‘Beaufort’-grafted eggplant stems 

sampled from the 2010 and 2011 field studies and isolates were obtained from these stems in 

2011. ‘Beaufort’-grafted eggplant developed interveinal chlorosis and wilting when inoculated 

with V. dahliae in a controlled greenhouse study; however, the severity of the disease was 

significantly lower than for non-grafted eggplant, and V. dahliae was isolated from all inoculated 

treatments except non-grafted ‘Beaufort’ and ‘Beaufort’-grafted eggplant. This finding suggests 

that although ‘Beaufort’ is not resistant to V. dahliae, ‘Beaufort’-grafted eggplant are more 

resistant to the pathogen than non-grafted eggplant. S. aethiopicum grafted eggplant in this study 

did not exhibit increased growth or higher yields than non-grafted eggplant and were susceptible 
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to V. dahliae. Oda et al. (1996) found that S. aethiopicum-grafted tomato plants had reduced 

yield and plant growth relative to self-grafted tomato, whereas our study found similar yield and 

plant growth to non-grafted and self-grafted eggplant. Verticillium wilt in S. aethiopicum has 

previously been reported in the Mediterranean region (Camele et al., 2006). S. aethiopicum does 

not appear to be advantageous for eggplant production in soils which are infested with V. dahliae 

in the Pacific Northwest.  

‘Beaufort’ interspecific tomato hybrid and S. aethiopicum are commonly used as 

rootstocks for producing grafted solanaceous crops (Kubota et al., 2008; Rivard and Louws, 

2006). These rootstocks are used to increase growth and convey resistance to soilborne diseases 

such as Verticillium wilt caused by V. dahliae (Liu et al., 2009). Bletsos et al. (2003) assessed 

stem diameter and plant height as a measure of growth of grafted plants and found that eggplant 

grafted onto vigorous disease resistant rootstocks were taller with larger main stem diameter. 

Leonardi and Giuffrida (2006) found that Beaufort-grafted eggplant did not have significantly 

greater yields or dry plant weight than self-grafted plants. In both years of our study, ‘Beaufort’-

grafted eggplants had on average greater stem diameter and plant height throughout the growing 

season than the plants in the other treatments, suggesting that ‘Beaufort’ increased growth of the 

scion. ‘Beaufort’-grafted eggplant also had both significantly less Verticillium wilt severity and 

slightly increased yields as evidenced by the greater total fruit weight harvested from the Eltopia 

study in 2010 and 2011. Bletsos et al. (2003) similarly found that grafting onto disease resistant 

rootstocks resulted in more vigorous plants with increased yields when grown in V. dahliae 

infested soil. Small fruit size in Mount Vernon was consistent among treatments and across 

years, suggesting that insufficient yields were a result of unfavorable environmental conditions 

rather than the effect of grafting or disease pressure.  
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All grafted eggplant treatments exhibited Verticillium wilt symptoms in both the open 

field production and greenhouse environments. In the field studies, ‘Beaufort’-grafted plants did 

show less interveinal chlorosis in general while S. aethiopicum-grafted plants displayed more 

interveinal chlorosis than the other treatments, although these treatment differences varied 

throughout the growing season in both years. The disease progress curves for Verticillium wilt 

severity based on interveinal chlorosis appear to plateau or decrease, because chlorotic tissue 

became necrotic as Verticillium wilt progressed. Interveinal chlorosis was the most consistent 

and recognizable symptom of Verticillium wilt in the field studies but these results indicate that 

this symptom did not accurately reflect disease progress in the field studies. In the greenhouse, 

plants in non-inoculated treatments exhibited some general chlorosis. One reason for the general 

chlorosis observed in non-inoculated plants may be that visual assessments of disease severity 

can be subject to variability, since interpretations are affected by the subjective judgment of the 

rater (Hartung and Piepho, 2007). Such perceptions can be affected by time of day, temperature, 

light, and irrigation. In efforts to minimize error due to inconsistent disease assessment, all of our 

ratings were conducted by the same individual at approximately the same time of day. AUDPC 

values are generated from multiple ratings over a period of time and treatment differences are 

therefore less affected by variation in treatment differences between rating dates (Shaner and 

Finney, 1977). Although plants in non-inoculated treatments did exhibit some wilting, mean 

AUDPC values for all non-inoculated treatments were very low and there was no significant 

difference among treatments. The observed wilting in non-inoculated plants was most likely due 

to rating error, water stress or some other physiological stress on the plant. Similarly, in field 

studies, AUDPC values indicated significantly lower Verticillium wilt severity in ‘Beaufort’-

grafted plants compared to plants from other treatments.  
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V. dahliae was re-isolated from stem tissue of plants from all treatments in the field study 

and almost all treatments in the greenhouse inoculation studies, confirming that the interveinal 

chlorosis, v-shaped lesions, and wilting symptoms observed were likely Verticillium wilt. One 

exception was in the greenhouse inoculation study where inoculated ‘Beaufort’ plants expressed 

wilting and interveinal chlorosis but did not yield the pathogen in stem tissue. Plant stresses 

under field conditions may have led to more severe infection than when the plants were grown 

under greenhouse conditions. Failure to re-isolate the pathogen could also have been due to 

contamination of stems and non-sterile media. 

Plants inoculated in the greenhouse with V. dahliae had significantly lower fresh weight 

than non-inoculated plants, suggesting that V. dahliae reduces the growth of plants. However, 

there was no consistent difference in fresh weights among grafted treatments for either 

inoculated or non-inoculated plants. Non-grafted S. aethiopicum had consistently lower fresh 

weight; however, this result was likely due to the growth habit and leaf morphology of S.  

aethiopicum as compared to eggplant and non-grafted ‘Beaufort’.  

The results of this study illustrate the effectiveness of ‘Beaufort’-grafted eggplant in 

reducing the symptoms of interveinal chlorosis, necrosis, and wilting associated with 

Verticillium wilt while promoting vigorous plants and marketable yields equal to or greater than 

non-grafted eggplant. Grafting eggplant onto disease resistant rootstocks such as ‘Beaufort’ can 

be an effective strategy for managing Verticillium wilt in Washington, and offers an effective 

alternative to soil fumigation.  
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Table 1. Mean plant dry weight of non-grafted and self-grafted  ‘Epic’ eggplant as well as ‘Epic’ 

eggplant grafted on ‘Beaufort’ interspecific tomato and Solanum aethiopicum rootstocks in open 

field production and soil infested with Verticillium dahliae at Eltopia and Mount Vernon, WA
 z
 

in 2010 and 2011. 

 

 

 

 

 

 

 

 

 

 

 

 

z 
Field locations had a history of Verticillium wilt on other crops. Soil was sampled from the top 

15 cm of soil. There were 2.5 V. dahliae colony forming units·gram soil
-1

(cfu·g
-1

) at the 2010 

location and 3.0 cfu·g 
-1

 at the 2011 study location at Eltopia, and 18.0 cfu·g
-1

 at the 2010 

and 2011 study location at Mount Vernon. 

y 
Plants were cut at soil line after final harvest and dried at approximately 38 ºC for 7 d. Plant dry 

weight was averaged from 3 sampled plants per plot.    

 

  Mean plant dry weight (g)
y 

Eltopia, WA  2010 2011 

Non-grafted  420 
 

230 b
 x
   

Self-grafted  390  270 b 

‘Beaufort’
w 

 320  370 a 

S. aethiopicum
v 

 310  210 b 

Significance of Effect
u 

 0.1461 0.0054 

    

Mount Vernon, WA    

Non-grafted  390 a 290  

Self-grafted  360 ab
 
 240  

‘Beaufort’
 

 200 c 180 

S. aethiopicum  300 b 230  

Significance of Effect
 

 0.0040 0.3516 
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x 
Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in a column were not 

significantly different at P ≤ 0.05. 

w 
Interspecific tomato rootstock grafted with ‘Epic’ scion. 

v
 Solanum aethiopicum rootstock grafted with ‘Epic’ scion. 

u 
Significance of effects analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) with PROC 

MIXED at α=0.05.  
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Table 2. Mean stem diameter (cm) and area under growth progress curve (AUGPC) values for 

stem diameters
z
 of non-grafted and self-grafted eggplant as well as eggplant grafted on 

‘Beaufort’ inter-specific tomato hybrid and S. aethiopicum rootstocks in open-field production at 

Eltopia and Mount Vernon, WA
y
 in 2011. 

 z 
Stem diameter was measured 2.5 cm above the soil line. Mean area under growth progress 

(AUGPC) values were calculated from growth progress curves generated from measurements 

taken on four rating dates.
 

y
 Field locations had a history of Verticillium wilt on other crops. Soil was sampled from the top 

15 cm of soil. There were 2.5 V. dahliae colony forming units·gram soil
-1

(cfu·g
-1

) at the 2010 

location and 3.0 cfu·g 
-1

 at the 2011 study location at Eltopia, and 18.0 cfu·g
-1

 at the 2010 

and 2011 study location at Mount Vernon. 

  Days after Transplanting   

Parameter 42 56 71 85 AUGPC 

Eltopia, WA 

       Non-grafted 0.45 
 

1.69  2.32 b
x
 2.41 b 78.05 b 

  Self-grafted 0.46  1.70  2.47 b 2.57 b 81.75 b 

  ‘Beaufort’ 0.48  1.83  2.96 a 3.07 a 94.78 a 

  S. aethiopicum 0.44  1.68  2.45 b 2.44 b 79.89 b 

Significance of Effect
w 

0.5213 0.2196 0.0012 0.0009 0.0004 

  Days after Transplanting   

 

22 38 55 69 AUGPC 

Mount Vernon, WA   

      Non-grafted 0.38 c 0.74  1.17 b 1.65 b 45.03 c 

  Self-grafted 0.42 b 0.77  1.23 b 1.66 b 46.77 bc 

  ‘Beaufort’ 0.47 a 0.82  1.35 a 1.93 a 51.60 a 

  S. aethiopicum 0.42 b 0.79  1.34 a 1.73 b 49.36 ab 

Significance of Effect 0.0001 0.1246 0.0097 0.0024 0.0071 
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x 
Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in a column are not significantly 

different at P ≤ 0.05.
 

w 
Significance of block and treatment effects analyzed using SAS (Version 9.2; SAS Institute, 

Cary, NC) with PROC GLM at α=0.05. 
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Table 3. Mean plant height (cm) and area under growth progress curve (AUGPC) values for 

plant heights
z
 of non-grafted and self-grafted eggplant as well as eggplant grafted on ‘Beaufort’ 

interspecific tomato hybrid and Solanum aethiopicum rootstocks in open-field production at 

Eltopia and Mount Vernon, WA
y
 in 2011. 

  Days after Transplanting   

Parameter 42 56 71 85 AUGPC 

Eltopia, WA 

       Non-grafted 16.97 a
x 

51.87  71.50 b 80.93 b 2474.12 b 

  Self-grafted 14.62 b 54.43  75.73 b 84.97 ab 2584.50 ab 

  ‘Beaufort’ 16.57 a 57.46  80.73 a 89.49 a 2696.21 a 

  S. aethiopicum 14.08 b 52.97  71.83 b 79.97 b 2467.95 b 

Significance of Effect
w 

0.0012 0.1298 0.0020 0.0309 0.0009 

  Days after Transplanting   

 
22 38 55 69 AUGPC 

Mount Vernon, WA 

 

  

     Non-grafted 11.44 c 17.88  36.38  46.93 b 1278.96  

  Self-grafted 13.14 a 17.90  36.08  45.85 b 1280.71  

  ‘Beaufort’ 12.47 ab 19.01  41.03  51.13 a 1407.70  

  S. aethiopicum 11.82 b 17.80  37.28  47.37 b 1298.79  

Significance of Effect 0.0024 0.3692 0.1854  0.0233 0.0868 
z 
Plant height was measured from soil line to top of plant crown. Mean AUGPC values were 

generated from plant height measurements taken on 6 July, 22 July, 8 Aug, and 22 Aug 2011.  

y 
Field locations had a history of Verticillium wilt on other crops. Soil was sampled from the top 

15 cm of soil. There were 2.5 V. dahliae colony forming units·gram soil
-1

(cfu·g
-1

) at the 2010 

location and 3.0 cfu·g 
-1

 at the 2011 study location at Eltopia, and 18.0 cfu·g
-1

 at the 2010 

and 2011 study location at Mount Vernon. 

x
 Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in a column are not significantly 

different at P ≤ 0.05. 
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w 
Significance of treatment effects analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) 

with PROC GLM at α=0.05. 
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Table 4. Marketable yield (no. fruit, kg), fruit size, and Verticillium wilt severity of non-grafted 

and self-grafted ‘Epic’ eggplant as well as ‘Epic’ eggplant grafted on ‘Beaufort’ interspecific 

tomato and Solanum aethiopicum rootstocks in two years of open-field production at Eltopia, 

WA
z
 in 2010 and 2011. 

 Parameters 
Non-grafted Self-grafted ‘Beaufort’

 S. 

aethiopicum 

Significance 

of Effect
y 

2010      

Marketable yield 

     Total number      3.90 ab
x
     3.53 b     4.87 a     3.33 b 0.0333 

Total weight (kg)      1.92 b     1.62 b     2.49 a    1.59 b 0.0093 

      Fruit size 

     Weight (kg)     0.49      0.46      0.52     0.48  0.2592 

Diameter (cm)     9.21      8.92      9.47     9.25 0.8556 

Length (cm)   19.22    20.49    18.97   19.22   0.9670 

2011      

Marketable Yield      

Total number     5.66      5.20    6.63      5.70  0.2377 

Total weight (kg)     2.55      2.27    3.14      2.53  0.0567 

      

Fruit size      

Weight (kg)     0.45      0.45    0.47      0.44  0.1622 

Diameter (cm)     8.69      8.39    9.58      9.09  0.5234 

Length (cm)   20.16    18.00  19.99    20.65  0.1162 
z
 Field locations had a history of Verticillium wilt on other crops. Soil was sampled from the top 

15 cm of soil. There were 2.5 V. dahliae colony forming units·gram soil
-1

(cfu·g
-1

) at the 2010 

location and 3.0 cfu·g 
-1

 at the 2011 study location at Eltopia, and 18.0 cfu·g
-1

 at the 2010 

and 2011 study location at Mount Vernon. 

y
 Significance of treatment effects analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) 

with PROC GLM at α=0.05. 
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x 
Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in the same row were not 

significantly different at P ≤ 0.05. 
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Table 5. Mean area under disease progress curve (AUDPC) values for Verticillium wilt
z
 and 

mean fresh weight
y
 (g) of grafted eggplant scion and rootstock cultivars inoculated with V. 

dahliae in a greenhouse study at Mount Vernon, WA. 

  AUDPC Value Fresh weight (g) 

Treatment Study 1 Study 2 Study 1 Study 2 

Inoculated with V. dahliae 112.43 a
x 

254.44 a 4.31 b  4.15 b 

Non-inoculated   11.32 b   34.11 b 5.83 a  7.98 a 

Significance of Effect
w 

  <0.0001   <0.0001 0.0115 <0.0001 

z 
Disease severity was rated as percent of aboveground plant tissue per plot exhibiting interveinal 

chlorosis characteristic of Verticillium wilt. Mean AUDPC values were based on six ratings 

of wilt severity (%).  

y
 Plants were cut at soil line and weighed at end of the trial. 

x
 Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in the same row were not 

significantly different at P ≤ 0.05. 

w
 Significance of treatment effects analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) 

with PROC GLM on ranked data at α=0.05. 
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Table 6. Mean AUDPC values for Verticillium wilt
z
 of grafted eggplant scion and rootstock 

cultivars inoculated with V. dahliae and sterile water in a greenhouse study at Mount Vernon, 

WA. 

  AUDPC Values 

Treatment Study 1 Study 2 

Inoculated with V. dahliae 

     Non-grafted eggplant 113.42 bc
y
 359.04 ab 

   Self-grafted eggplant 191.08 ab 401.29 a 

   ‘Beaufort’-grafted eggplant   45.53 c 229.67 b 

   S. aethiopicum-grafted eggplant   68.69 c 211.81 b 

   Non-grafted ‘Beaufort’ 113.42 bc   43.96 c 

   Non-grafted S.aethiopicum 225.86 a 280.90 ab 

Significance of Effect
x 

 0.0068 0.0045 

   Non-inoculated 

     Non-grafted eggplant   0.00 11.67 

   Self-grafted eggplant 20.00   0.00 

   ‘Beaufort’-grafted eggplant 17.33 48.75 

   S. aethiopicum-grafted   eggplant   0.00 14.79 

   Non-grafted ‘Beaufort’ 11.17 78.21 

   Non-grafted S.aethiopicum 19.44 51.25 

Significance of Effect  0.6444 0.5368 

z 
Disease severity was rated as percent of plant exhibiting interveinal chlorosis, necrosis, and 

wilting characteristic of Verticillium wilt. Mean AUDPC values were based on six ratings of 

wilt severity (%).  
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y
 Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in the same row were not 

significantly different at P ≤ 0.05. 

x 
Significance of treatment effects analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) 

with PROC GLM on ranked data at α=0.05. 
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Fig.1. Disease progress curves for Verticillium wilt on non-grafted and grafted eggplant for field 

studies conducted at Eltopia, WA in 2010 and 2011. Epic eggplant were self-grafted or grafted 

onto ‘Beaufort’ interspecific tomato hybrid and S. aethiopicum rootstocks with non-grafted Epic 

eggplant as a control. Verticillium wilt severity was rated as the percent of plant tissue per plot 

above the soil exhibiting interveinal chlorosis characteristic of Verticillium wilt. Dates when 
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there were significant differences in Verticillium wilt severity among treatments are marked with 

an asterisk (least square means, P ≤ 0.05).  
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Fig.2. Disease progress curves for Verticillium wilt severity of non-grafted and grafted eggplant 

for field studies conducted at Mount Vernon, WA in 2010 and 2011. Epic eggplant were self-

grafted and grafted onto ‘Beaufort’ interspecific tomato hybrid and S. aethiopicum rootstocks 

with non-grafted Epic eggplant as a control. Verticillium wilt severity was rated as the percent of 

aboveground plant tissue per plot exhibiting interveinal chlorosis characteristic of Verticillium 
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wilt. Dates when there were significant differences in Verticillium wilt severity among 

treatments are marked with an asterisk (least square means, P ≤ 0.05). 
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Fig.3. Means for area under disease progress curve (AUDPC) values for severity of interveinal 

chlorosis characteristic of Verticillium wilt on grafted and non-grafted eggplant at Eltopia (A) 

and Mount Vernon (B). Eggplant were self-grafted and grafted onto Solanum aethiopicum and 

‘Beaufort’ interspecific tomato hybrid rootstocks. Non-grafted eggplant were included as an 

experimental control. AUDPC values were calculated from at least four disease ratings during 

the growing season. Treatment differences were analyzed by comparing least square means using 
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the LSMeans statement. Significant treatment differences are denoted in alphabetical order in 

2010 and reverse alphabetical order in 2011. Treatments followed by the same letter were not 

significantly different at P ≤ 0.05. 

  



 

 

 

90 

  

 

Fig.4. Mean fresh weight of inoculated and non-inoculated non-grafted, self-grafted, ‘Beaufort’-

grafted, and S. aethiopicum-grafted eggplant as well as non-grafted ‘Beaufort’ and S. 

aethiopicum rootstocks in Study 1 and Study 2. Significant treatment differences are denoted in 
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alphabetical order for inoculated treatments and reverse alphabetical order for non-inoculated 

treatments. Treatments followed by the same letter were not significantly different at P ≤ 0.05.    
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CHAPTER 4 

PLANT GROWTH, YIELD, FRUIT QUALITY, AND VERTICILLIUM WILT 

REACTIONS OF HEIRLOOM TOMATO (SOLANUM LYCOPERSICUM) GRAFTED 

ONTO INTERSPECIFIC TOMATO ROOTSTOCKS  

IN OPEN FIELD PRODUCTION. 

Abstract 

 Heirloom tomatoes lack resistance to many soilborne diseases such as Verticillium wilt 

(Verticillium dahliae Kleb.), a vascular wilt disease that is widespread in temperate climates such 

as Washington. Grafting has been used throughout the world to effectively manage certain 

soilborne diseases in solanaceous crops, and can increase fruit quality without impacting 

marketable yield. Growth, yield, fruit quality, physiological leaf roll severity, and Verticillium 

wilt reactions were evaluated for ‘Cherokee Purple’ heirloom tomato grafted on ‘Beaufort’ and 

‘Maxifort’ interspecific tomato rootstocks as well as non-grafted and self-grafted ‘Cherokee 

Purple’ tomato in two field studies at Eltopia and Mount Vernon, WA in 2010 and 2011. In the 

field studies, ‘Beaufort’ and ‘Maxifort’ had significantly larger stem diameter than non-grafted 

and self-grafted plants at both Eltopia (P = 0.0003) and Mount Vernon (P = 0.0063). There was 

no difference in plant heights at Eltopia, but ‘Beaufort’-grafted plants were significantly taller 

than plants in the other treatments at Mount Vernon (P = 0.0035). Grafting did not impact total 

marketable fruit number, weight, or total unmarketable fruit number and weight. There were no 

significant differences in fruit firmness, soluble solid content, or lycopene content among grafted 

and non-grafted plants. Grafting also did not affect fruit diameter, length, or weight. 

Physiological leaf roll was not observed at Eltopia in either year. At Mount Vernon, the severity 
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of physiological leaf roll was significantly greater for ‘Beaufort’-grafted plants than other 

treatment plants in 2011 (P = 0.0019), although no differences were observed in 2010 (P = 

0.1635). Verticillium wilt symptoms were not observed at either location in either year, despite 

site histories of Verticillium wilt and V. dahliae soil populations in the range of 2.5 to 18.0 cfu/g 

of soil, and Verticillium wilt symptoms in adjacent eggplant and watermelon plots. This study 

indicates that grafting heirloom tomatoes onto interspecific tomato rootstocks does not impact 

marketable tomato yield, fruit quality or fruit size. Since typical symptoms of Verticillium wilt 

caused by local V. dahliae populations were not obtained on either grafted or non-grafted 

tomatoes during the study, intensive strategies such as soil fumigation may not be necessary for 

managing Verticillium wilt in tomato in these two production areas. 

Introduction 

Throughout the world, tomato producers graft plants onto vigorous disease resistant 

rootstock cultivars in order to insure adequate yields, especially on land with undesirable soil 

characteristics like high salinity, soilborne pathogen populations, or unfavorable growing season 

temperatures (Fernandez-Garcia et al., 2002; Kubota et al., 2008; Oda, 2007; Sakata et al., 2007; 

Venema et al., 2008). Commercial tomato grafting began in Japan in the mid-1900s (Kubota et 

al. 2008). By 1998, 41% of tomatoes in open field production were harvested from grafted plants 

(Oda, 2007). In 2007, 15% of tomato production in South Korea used grafted plants (Lee, 1994; 

Lee, 2007). International seed companies introduced tomato grafting to European countries in the 

early 1990s (Kubota et al., 2008). In 2009, over 90% of plants grown in the Canadian hothouse 

hydroponic tomato industry were grafted, primarily to better utilize varieties with increased 

tolerance to thermal stress (L. Benne, personal communication; Kubota et al., 2008). Although 

the adoption of grafting has been low in the U.S., some tomato growers have begun to graft for 
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increased vigor and soilborne disease resistance in high tunnel production (Byczynski, 2012).  

Mexican tomato producers are successfully using grafted plants for resistance to soilborne 

disease in open-field production (L. Benne personal communication; Kubota et al., 2008).   

 Producer adoption of grafting in the U.S. has been tentative due to concerns about added 

labor costs, limited technical information regarding the grafting process, and limited information 

on regionally-specific rootstock selection. The grafting process is labor and time intensive and 

workers must handle each plant carefully during grafting and monitor plants daily during the 

week-long acclimation period (Byczynski, 2012; Kubota et al., 2008; Rivard et al., 2010; Sakata 

et al., 2007). Grafting is therefore most appropriate for high-value crops such as heirloom 

tomatoes (Pegg and Brady, 2002). In the U.S., tomatoes are often produced in high tunnels due 

to reduced foliar disease incidence, higher quality fruit, and earlier harvest. However, high tunnel 

tomato production often limits crop rotation and can increase the potential for occurrence of 

soilborne diseases (Byczynski, 2012; Carey et al., 2009; Inglis et al., 2011; Rivard and Louws, 

2008). The acreage for both high tunnel production and organic production has increased rapidly 

state- and nationwide over the past decade (Greene et al., 2009; Kirby and Granatstein, 2010).  

Consequently, interest in grafted tomato plants in the U.S. is increasing as well (Byczynski, 

2012).   

 Verticillium wilt is a soilborne disease predominantly caused by Verticillium dahliae 

Kleb. that impacts tomato production throughout the world (Pegg and Brady, 2002). V. dahliae is 

a fungal pathogen that infects plant roots and rapidly colonizes xylem tissue, restricting water 

uptake and causing irreversible wilting and plant death (Pegg and Brady, 2002). Symptoms of 

the disease generally develop later in the growing season, after the majority of production costs 

have been incurred (Pegg and Brady, 2002). V. dahliae produces microsclerotia (long-lived 
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survival structures) within infected plant tissue. The microsclerotia are capable of persisting in 

the soil for more than ten years and are easily introduced and spread within and between fields 

when plant residue is incorporated into the soil and when soil is moved by contaminated 

equipment (Green, 1980; Menzies and Griebel, 1967; Pegg and Brady, 2002; Schnathorst, 1981). 

Due to the longevity of microsclerotia in soil and the wide range of plant species which can be 

hosts, crop rotation is generally ineffective in reducing V. dahliae populations (Klosterman et al., 

2009; Pegg and Brady, 2002).  

 Verticillium wilt is very common and widespread in irrigated agriculture in Washington 

(Sunseri and Johnson, 2001). Many growers control V. dahliae populations with soil fumigation 

which is expensive and increasingly regulated by the U.S. Environmental Protection Agency 

(Duniway, 2002). However, soil fumigants do not completely eradicate pathogen populations, 

especially when disease pressure is high (Hamm et al., 2003). Soil fumigants are being 

increasingly regulated and growers in the U.S. need alternatives for managing V. dahliae and 

other widespread and persistent soilborne pathogens (Sande et al., 2011; Klosterman et al., 

2009).  

 Physiological leaf roll, a disorder which causes irreversible inward rolling of the leaf 

margins, is common throughout the Pacific Northwest and symptoms can sometimes be mistaken 

for virus infection (PNW VEG, 2010). The cause of physiological leaf roll has not yet been 

determined, although high temperatures, saturated soils, type and amount of nitrogen fertilizer, 

high light intensity, and extensive pruning have all been considered possible causes (Damicone 

and Brandenberg, 2010 ; Magalheus and Wilcox, 1983; Woltz, 1968). Factors affecting plant 

water uptake and plant water potential also appear to be involved (Kennelly, 2009). Grafting 

severs the stem of both rootstock and scion plants, separating the hydraulic connections formed 
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between the xylem vessels of the rootstock and scion stems during the formation of the graft 

union. Thus, the process of grafting affects the structure of the vascular system at the base of the 

main stem (Turquois and Malone, 1996). Because the hydraulic architecture of grafted plants is 

altered, the effect of grafting on physiological leaf roll severity was also assessed in this study.   

 Vegetable breeding programs have produced many tomato cultivars resistant to V. 

dahliae. Most commercial tomato cultivars have V. dahliae race 1 resistance due to the presence 

of a single Ve gene which was introgressed into commercial cultivars in the 1920s; and some 

commercial cultivars have multigenic resistance to V. dahliae race 2 (Bryan, 1925; Pegg and 

Brady, 2002). However, growers often continue to grow susceptible tomatoes such as heirloom 

varieties due to high customer demand, their unique fruit color, shape and flavor, and thus higher 

market value (Grassbaugh et al., 1999; Rivard and Louws, 2008). Rivard and Louws (2008) 

found that grafting heirloom tomatoes onto vigorous rootstocks such as ‘Beaufort’ and 

‘Maxifort’ effectively controlled bacterial wilt (caused by Ralstonia solanacearum), Fusarium 

wilt (caused by Fusarium oxysporum f. sp. lycopersici), Southern blight (caused by Sclerotium 

rolfsii) and root-knot nematode, and also increased plant vigor and yields in the southeast U.S. 

Romano and Paratore (2001) found that ‘Beaufort’ rootstock increased vigor and yield of grafted 

tomato but had no effect on fruit quality. Flores et al. (2010) found that fruit from ‘Kyndia’, an 

indeterminate commercial cultivar, grafted onto ‘UC82B’, a determinate processing tomato 

known to have high SSC, had higher soluble solid content (SSC) compared to fruit harvested 

from self-grafted tomato plants.  

 Tomato grafting research has been conducted in warmer regions of the U.S. and focuses 

on soilborne pathogens common to those climates. There is limited information on the 

performance of grafted tomato plants in open-field production in northern temperate climates of 
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the U.S. The primary objective of this research was to evaluate yield, fruit quality, and plant 

growth of tomato in open field production at Washington field sites where disease pressure 

caused by V. dahliae was likely. The anticipated benefit of this research was to provide growers 

with regionally specific information on the plant growth, yield, and fruit quality of tomato 

grafted onto disease resistant rootstock-specific tomato hybrids.  

Materials and Methods 

Propagation of grafted plant material. Grafting was conducted at the Washington State 

University (WSU) Northwestern Washington Research and Extension Center (NWREC) 

greenhouse facilities at Mount Vernon, WA (48°26'23.09" N, 122°23'44.04" W). Tomato scion 

variety ‘Cherokee Purple’ (Territorial Seeds, Cottage Grove, OR), an heirloom tomato cultivar 

grown by local growers, was grafted onto ‘Beaufort’ and ‘Maxifort’ rootstocks (S. lycopersicum 

L. x S. habrochaites; Rivard, 2010; De Ruiter Seeds, The Netherlands) to produce material for 

2010 and 2011 field trials. In April of each year, plants were splice grafted below the cotyledons 

when stems had reached a diameter of at least 1.5 mm (Bausher, 2011; Rivard and Louws, 2006).  

Plants were placed in a healing chamber immediately after grafting. In 2010, the healing 

chamber design was based on healing chamber structures observed at other research program 

locations (Rivard and Louws, 2006; Zhao, personal communication). In 2011, healing chamber 

design was based on the results of a healing chamber design study conducted in January and 

February 2011 (Johnson and Miles, 2011). Plants were gradually reacclimated to greenhouse 

conditions and removed from the healing chamber after 7 days. Plants were hardened off for at 

least 5 d prior to transplanting into the field. 

Field trial locations and experimental designs. Field trials were conducted in the irrigated 

dryland Columbia Basin region and the cool maritime region of western Washington. In the 
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Columbia Basin, the location was a commercial vegetable farm in Eltopia, WA (46°29'15.64" N, 

119°11'39.93" W) both years. In western Washington both years, the location was the WSU 

NWREC near Mount Vernon (48°26'23.09" N, 122°23'44.04" W). At Eltopia, soil type is a 

Taunton very fine sandy loam (University of California, 2010). During both years, soil was 

sampled in the spring prior to field planting to determine presence of V. dahliae populations. In 

2010, approximately 20 soil samples per acre were taken with a soil probe at a depth of 6 inches 

on 26 Jan. Soil samples were bulked and immediately sent to the Oregon State University Plant 

Clinic in Corvallis, OR for testing. In 2011, soil was sampled on 9 Mar. following the same 

sampling protocol as 2010. Soil samples were dried for 2 weeks, and 1 g of dried crushed soil 

was evenly distributed using a salt shaker onto ten plates of NP-10 semi-selective media, and 

incubated at room temperature in dark conditions for four weeks (modified Butterfield and 

DeVay, 1977; Martin et al., 1982). At Mount Vernon, soil type is a Skagit silt loam (University 

of California, 2010). The site had confirmed Verticillium wilt in 2008 and 2009. In October 

2010, soil at the Mount Vernon study site was assayed following the protocol outlined above. In 

2011, the study was located in the same field site as 2010. 

The study design at both locations was a randomized complete block design with four 

treatments: non-grafted ‘Cherokee Purple’ tomato, self-grafted ‘Cherokee Purple’, ‘Cherokee 

Purple’ grafted onto ‘Beaufort’, and ‘Cherokee Purple’ grafted onto ‘Maxifort’. There were six 

plants per treatment per replicate, and the study included five replications at both locations both 

years.  

  Field maintenance and study establishment. At Eltopia both years, beds were formed 0.1 

m high by 0.9 m wide on 1.4-m centers, laid with irrigation drip tape (T-Tape US Model 506-12-

220; low flow, 16 mm diam., 6 mil wall thickness, 30 cm emitter spacing; John Deere, San 
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Marcos, CA) and then covered with black plastic mulch (0.9-mm microembossed; Filmtech, 

Allentown, PA). At Mount Vernon, prior to planting both years, the field was rototilled, chisel 

plowed, and rototilled two more times. Raised beds were formed 0.9 m wide by 0.2 m high on 

2.1-m centers, laid with irrigation drip tape (low flow, 16 mm diameter, 8 mil wall thickness, 20 

cm emitter spacing; John Deere, San Marcos, CA), before covering with black plastic mulch (1.0 

mil embossed; Pliant Corporation, Washington, GA).  

All grafted and non-grafted plants were propagated at WSU NWREC near Mount Vernon 

and transported to the field locations. Plants were transplanted on 7 June 2010 and 11 May 2011 

at Eltopia and on 10 June 2010 and 3 June 2011 at Mount Vernon. Plants were spaced 0.6 m 

apart in beds at both locations both years. At Eltopia, the study was planted within a commercial 

field both years. At Mount Vernon, two tomato plants were planted as buffers at the ends of each 

row and buffer rows of tomato were included on either side of the study site.  

 At Eltopia both years, fertilizer was broadcast and the field was disked twice prior to 

shaping beds and laying plastic mulch. Preplant fertilizer consisted of 112 kg·ha
-1

 N, 90 kg·ha
-1

 

P, 364 kg·ha
-1

 K in 2010 and 20 kg·ha
-1

 N and 5 kg·ha
-1

 P in 2011. The study was fertigated with 

4.5 kg·ha
-1

 N weekly beginning 1 June in 2010 and five times approximately every two weeks in 

2011 with 0.78 kg·ha
-1 

N, 0.22 kg·ha
-1

 P, and 0.78 kg·ha
-1

 K per application. At Mount Vernon, 

preplant fertilizer consisted of 90 kg·ha
-1 

N, 30 kg·ha
-1 

P, and 70 kg·ha
-1

 K both years. The study 

was fertigated with 1.1 kg·ha
-1 

N every 10 days in 2010, and weekly in 2011. The Eltopia study 

was irrigated 3.5 cm·wk
-1

 in 2010 and 1.2 to 1.6 cm·wk
-1

 in 2011. At Mount Vernon, the study 

was irrigated at a rate of 0.9 cm·wk
-1

 in 2010 except for a 4 day period in late July when the trial 

received 1.3 cm per day to promote soil conditions optimal for V. dahliae infection. In 2011, the 

study was irrigated 1.2 cm·wk
-1

. At Mount Vernon, NuCop 50 WP (Albaugh, Ankeny, IA) 
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copper hydroxide was applied at a rate of 3.4 kg·ha
-1

 on 19 Aug. and 3 Sept. 2010, and then 

every 10 days from 11 Aug. to 14 Sept. 2011 in order to control late blight (caused by 

Phytophthora infestans). In 2011, BioLink Cal Plus (Westbridge Agricultural Products, Vista, 

CA) was applied as foliar spray weekly at a rate of 2.3 l·ha
-1

 to prevent blossom end rot. Tomato 

plants were pruned weekly to remove suckers and maintain 1-2 leaders. Plants were trellised 

using the Florida weave technique (Kelbert et al., 1966). 

Plant growth. In 2011, stem diameter and plant height were measured at 42, 56, 71, and 

85 days after transplanting (DAT) at Eltopia, and 40, 53, 66, and 82 DAT at Mount Vernon. 

Stem diameter was measured approximately 2.5 cm above the soil line using a digital caliper 

(Model # 700-126, Mitutoyo, Aurora, IL). If there was a significant difference in diameter above 

and below the graft union, the scion and rootstock diameters were recorded separately, and an 

average was calculated. Plant height was measured from the soil line to the average top of the 

plant crown. Area Under Growth Progress Curves (AUGPCs) were calculated for stem diameter 

and plant height data following the procedure outlined in Chapter 3. 

Harvest and yield. At both sites, fruit was harvested every 1-2 weeks when fruit was 

approximately 75% ripe. Fruit were sorted and weight and number of marketable fruit were 

recorded. At Mount Vernon, unmarketable fruit in each plot were categorized for blossom end 

rot, cracking, cat-facing, insect damage, late blight, misshapen, sunburn, scarring, shoulder 

crack, and zippering, and weight and number in each category were recorded.  

Fruit characteristics. Representative marketable fruit were collected on 16 Aug. and 2 

Sept. 2010 and 26 Aug. 2011 at Eltopia and 21 Sept. 2011 at Mount Vernon. Tomato plants at 

Mount Vernon were severely impacted by late blight in 2010, and there was insufficient yield for 

statistical evaluation. For selected marketable fruit, average fruit diameter, length, and weight 
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were measured. Diameter was measured along the latitudinal axis of the fruit. Length was 

measured along the longitudinal axis, between the blossom end and stem end.  

Firmness. An approximately 1-cm thick laterally cut section was taken from the center of 

each tomato fruit. Firmness of each section was tested using a drill-press penetrometer (Ametek., 

Berwyn, PA) with a 4-mm cylindrical blunt-end tip. Fruit was penetrated in the center of the 

pericarp to a depth of 3.175 mm.  

Lycopene. Lycopene was analyzed using a spectrophotometer method developed by 

Nagata & Yamashita (1992), and modified by Elena Lon Kan (2007). The approximately 1 cm 

thick sections of fruit tissue used for firmness measurements were frozen in a -10 °C freezer. 

Frozen tissue from three fruit per plot were homogenized in a blender, such that there was one 

composite sample per plot per harvest date. Three 1-g subsamples were taken from the 

homogenized tissue and placed in three separate centrifuge tubes. Thus, there were three 

subsamples per plot per harvest date.  

  Centrifuge tubes were wrapped in aluminum foil to minimize light exposure which 

degrades lycopene. A mixture solvent of HPCL grade acetone:hexane (2:3) was placed in the 

refrigerator for at least 24 hours prior to lycopene analysis. Sixteen ml of cold acetone:hexane 

solution were added to the homogenized tissue in each centrifuge tube. Tubes were vortexed 

for 60 s, and placed in a -25 °C freezer for 1.5 h. After 1.5 h, tubes were removed from 

the freezer and held at room temperature for 5 min. After 5 min, the supernatant (upper layer 

consisting only of hexane) from each centrifuge tube was placed in a glass spectrophotometer 

cell, and capped immediately to prevent evaporation. The cap was removed only when the glass 

cell was placed in the spectrophotometer. Optical density was measured using a Beckman DU-65 

spectrophotometer at 663, 645, 505, and 453 nm. 
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Lycopene was calculated according to Nagata & Yamashita (1992) converted from 

mg·100 ml
-1

 of extract to mcg·g
-1

 fresh weight sample (E. Lon Kan, personal communication): 

Lycopene (
mcg

g
fw sample)= ((-0.0458 A663) (.204 A645) 

 (0.372 A505)-(0.0806 A453) ) (10 (0.1042))  

Soluble solids. Soluble solid content (ºBrix) was measured using a Palm Abbe
TM

 digital 

refractometer (MISCO, Cleveland, OH). Juice was filtered through a wire mesh strainer into a 

glass beaker. Measurements were taken in a controlled lab environment with temperatures 

ranging between 21 and 22 °C. The digital refractometer was equipped with automatic 

temperature compensation, and the digital refractometer was calibrated at the beginning of each 

day using deionized water. A few drops of juice were placed on the measuring surface for each 

reading. Following the reading, juice was swabbed off the measuring surface. The measuring 

surface was then rinsed with deionized water, and wiped dry. 

Evaluation of plant health in field trials. Severity of Verticillium wilt symptoms and 

physiological leaf roll were rated during the growing season in 2010 and 2011. Verticillium wilt 

severity was determined as the total percentage of aboveground plant tissue per plot exhibiting 

interveinal chlorosis, necrosis, and wilting (Pegg and Brady, 2001; Agrios, 1997; Schnathorst, 

1981). Physiological leaf roll severity was determined as total percentage of aboveground plant 

tissue per plot exhibiting in-rolled leaves (PNW VEG, 2010). Verticillium wilt and physiological 

leaf roll severity were evaluated at Eltopia at 35, 56, 70, and 87 DAT in 2010 and 42, 56, 71, 85, 

and 99 DAT in 2011. The Mount Vernon study was rated weekly in 2010 beginning at 21 DAT 

and ending at 103 DAT and bi-weekly in 2011 beginning at 35 DAT and ending at 109 DAT. 

Disease progress and disorder progress curves were generated from severity ratings and area 

under the disease/disorder progress curve (AUDPC) values were calculated (Shaner and Finney, 

[1] 
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1977). For Verticillium wilt, after the final rating, the first plant in each plot was sampled. Plants 

were cut at the soil line and topped at approximately 20 cm. All fruit and side branches were 

removed, and the stem was thoroughly rinsed with tap water. Stems were then placed in 1:9 

solution of bleach and deionized water solution for 5 min. After 5 min, stems were rinsed in tap 

water for 30 s, then cut longitudinally and placed in a moisture chamber with the cut surface 

facing up. The moisture chamber was lined with paper towel saturated with 2% bleach and 98% 

sterile water solution. Stems were incubated for 4 weeks at room temperature under dark 

conditions, and then examined under a dissecting microscope for presence of Verticillium sp. 

microsclerotia or verticillate conidia typical of Verticillium sp. 

Statistical analyses. Data were analyzed with one-way analysis of variance in SAS 

(Version 9.2; SAS Institute, Cary, NC) using PROC GLM and P ≤ 0.05. Homogeneity of 

variance was assessed using Levene’s test. If variance was homogeneous, data were analyzed 

using PROC GLM. If variance was not homogeneous, data were analyzed using PROC MIXED 

with a repeated statement to control for non-constant variance. Treatment differences were 

assessed using the LSMeans statement to analyze differences in least squares means.  

Results 

Plant growth. At Eltopia at 42 DAT, ‘Maxifort’-grafted tomato had significantly greater 

stem diameter (0.83 cm) than the other treatments which ranged from 0.71 to 0.76 cm (Table 1; 

P = 0.0098). At 56 DAT, ‘Maxifort’-grafted tomato stem diameter was significantly greater than 

that of non-grafted and self-grafted tomato (1.78 and 1.80 cm, respectively) but not significantly 

different to ‘Beaufort’-grafted tomato (2.05 cm; P = 0.0.0007). There was no significant 

difference in stem diameter among treatments at 71 DAT. However at 85 DAT, stem diameter of 

‘Maxifort’-grafted tomato was significantly greater than ‘Beaufort’-grafted and non-grafted (2.47 
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and 2.39 cm, respectively) as well as self-grafted (P = 0.0005) tomato. Self-grafted tomato stems 

were significantly smaller (2.20 cm) than stems in the other treatments. ‘Maxifort’-grafted 

tomato also had a significantly greater mean AUGPC value for stem diameter (91.69) than non-

grafted and self-grafted tomato (80.00 and 80.76, respectively) but AUGPC was not significantly 

different to ‘Beaufort’-grafted tomato (87.60; P = 0.0003).  

At Mount Vernon at 40 DAT, ‘Beaufort’-grafted tomato stem diameter (1.43 cm) was not 

significantly different to ‘Maxifort’-grafted tomato, and both stem diameters were significantly 

greater than non-grafted and self-grafted tomato (both 1.23 cm; P =0.0065). At 53 DAT, 

‘Beaufort’-grafted tomato stem diameter (1.58 cm) was significantly greater than non-grafted 

and self-grafted tomato (1.36 and 1.34 cm, respectively); but ‘Maxifort’-grafted tomato mean 

stem diameter (1.48 cm) was not significantly different to the other treatments (P = 0.0175). 

‘Beaufort’-grafted tomato stem diameter (1.63 cm) continued to be greater than non-grafted and 

self-grafted tomato (1.44 and 1.52 cm, respectively) at 66 DAT while stem diameter of 

‘Maxifort’-grafted tomato (1.57 cm) was not significantly different to ‘Beaufort’-grafted and 

self-grafted tomato (P = 0.0066). There was no significant difference in stem diameter among 

treatments at 82 DAT. ‘Beaufort’-grafted tomato had a significantly greater mean AUGPC value 

for stem diameter (95.18) than non-grafted and self-grafted tomato (83.39 and 85.12 cm, 

respectively). Even so, the mean AUGPC value for ‘Maxifort’-grafted tomato (89.57) was not 

significantly different to that of ‘Beaufort’-grafted tomato, non-grafted tomato, and self-grafted 

tomato (P = 0.0063). 

At Eltopia there was no significant difference in plant height among treatments at 42, 56, 

71, or 85 DAT (P = 0.0589, P = 0.0740, P = 0.1062, and P = 0.8015, respectively). Similarly, 

there was no significant difference in mean AUGPC value for plant height among the treatments 
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(P = 0.1462). At Mount Vernon at 40 DAT, ‘Beaufort’-grafted tomato plants were significantly 

taller than non-grafted and self-grafted plants (37.10 and 36.68 cm, respectively). However, plant 

height for ‘Maxifort’-grafted tomato was not significantly different to ‘Beaufort’-grafted, non-

grafted and self-grafted tomato (P = 0.0287). At 53 DAT, ‘Beaufort’-grafted plants were 

significantly taller (58.51 cm) than the other three treatments which ranged from 54.02 to 54.07 

cm (P = 0.0016). At 66 DAT, ‘Beaufort’-grafted plant height was 75.10 cm, significantly greater 

than plant height for the other treatments which ranged from 66.93 to 68.63 cm (P = 0.0103). At 

82 DAT, ‘Beaufort’-grafted plant height was 97.53 cm, again significantly greater than plant 

height for the other three treatments which ranged from 86.84 to 89.62 cm (P = 0.0096). 

‘Beaufort’-grafted tomato plants also had a significantly greater mean AUGPC value for plant 

height (3606.87) compared to the other treatments which ranged from 3299.57 to 3339.42 (P = 

0.0035).  

Harvest and yield.  There were few differences in tomato yield among treatments at 

Eltopia in 2010 and 2011 (Table 3). In 2010, total number and weight of marketable fruit were 

not significantly different for all treatments (P = 0.9511 and P = 0.6165, respectively). Similarly, 

there was no significant difference for total unmarketable fruit number (P = 0.5173) and weight 

(P = 0.3266) among treatments. In 2011, there was also no significant difference in total number 

of marketable fruit (P = 0.1208), total number of unmarketable fruit (P = 0.9497), or total weight 

of unmarketable fruit (P = 0.8281). However, ‘Beaufort’-grafted tomato had significantly greater 

total marketable weight (7.28 kg) than the other treatments whose values ranged from 5.16 to 

5.91 kg (P = 0.0378). Tomato yield at Mount Vernon was insufficient for statistical analysis due 

to unseasonably cool wet growing seasons during 2010 and 2011. 
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Fruit size and fruit quality. Fruit size and fruit quality parameters at Eltopia were not 

affected by grafting treatment either year (Table 4). In 2010 there was no significant difference 

in mean fruit diameter which ranged from 7.46 to 7.86 cm, (P = 0.8832), fruit length which 

ranged from 5.42 to 5.68 cm (P = 0.8177), or fruit weight which ranged from 170 to 210 g (P = 

0.1309). Additionally, there was no significant difference among treatments in firmness which 

ranged from 1.98 to 2.54 Newtons (N; P = 0.3239), soluble solids which ranged from 4.03 to 

4.15 ºBrix (P = 0.9948), or lycopene content which ranged from 14.48 to 20.22 mcg·g
-1

 (P = 

0.4457). Similarly in 2011, there were no significant differences among treatments for fruit 

diameter which ranged from 9.05 to 11.83 cm (P = 0.2261), fruit length which ranged from 6.13 

to 6.60 cm (P = 0.2261), and fruit weight which ranged from 210 to 250 g (P = 0.7842). 

Additionally, there were no significant differences among treatments in fruit firmness which 

ranged from 2.11 to 2.53 N (P=0.4839), soluble solids which ranged from 4.06 to 4.22 ºBrix (P 

= 0.9566), and, lycopene content which ranged from 10.20 to 13.06 mcg·g
-1

 (P = 0.6394).  

Evaluation of plant health in field trials. At Eltopia, there was an average of 2.5 V. 

dahliae colony-forming units per gram of soil (cfu·g
-1

) at the 2010 study location and 3.0 V. 

dahliae cfu·g
-1

 soil at the 2011 study location. At the Mount Vernon study location, an average 

of 18.0 V. dahliae cfu·g
-1

 soil were counted in 2010. Verticillium wilt symptoms were not 

observed on tomato at either location in either year and no microsclerotia or verticillate conidia 

were observed in assayed stems from either location in either year.  

Physiological leaf roll was not observed at Eltopia in either year but was observed at 

Mount Vernon both years. At Mount Vernon in 2010, there was no significant difference in 

physiological leaf roll severity among treatments (P = 0.1635) whereas in 2011, ‘Beaufort’-

grafted tomato had a significantly greater mean AUDPC value for physiological leaf roll 
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(28.758) compared to the other treatments where values ranged from 17.83 to 19.76 (Fig. 1; P = 

0.0019). Non-grafted tomato plants had the lowest mean AUDPC values for physiological leaf 

roll in both 2010 and 2011, but these means were not significantly lower from any of the grafting 

treatments except for ‘Beaufort’-grafted plants in 2010. 

Discussion 

 In both years at both locations, tomato plants grafted onto ‘Beaufort’ and ‘Maxifort’ 

rootstocks had increased plant growth throughout the growing season and cumulatively, as 

measured by the AUGPC values for stem diameter and plant height and as compared to non-

grafted and self-grafted plants. Leonardi and Giuffrida (2006) similarly observed that ‘Beaufort’-

grafted tomato plants had significantly greater stem diameter and plant height relative to self-

grafted tomato plants. These results indicate that grafting with interspecific tomato hybrids such 

as ‘Beaufort’ can positively affect scion growth.  

 ‘Beaufort’ and ‘Maxifort’-grafted tomato plants had equivalent yields to non-grafted and 

self-grafted tomato plants. Although other studies have found increased soluble solid and 

lycopene content in fruit of grafted plants (Flores et al., 2010), the results of our research showed 

no increase in either soluble solid or lycopene content, nor a significant difference in mean 

firmness of fruit. Similarly, grafting did not affect fruit diameter, length, or weight in this study. 

Grafting therefore did not positively or negatively impact yield or fruit size and did not increase 

or reduce fruit quality in this study. 

 Verticillium wilt symptoms were not observed at either location in either year, despite a 

history of Verticillium wilt at these locations and laboratory assay results that positively 

confirmed V. dahliae soil populations at each location in both years. Interestingly, eggplant and 

watermelon planted immediately adjacent to the tomato study at both locations in both years 
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developed significant Verticillium wilt symptoms (Ch. 3 and Ch. 5). In a study by Bhat and 

Subbarao (1999) which compared the host specificity of V. dahliae isolates obtained from 14 

different vegetables including eggplant, the authors found that none of the isolates caused wilting 

or reduced plant height in tomato, although isolates from lettuce and pepper did reduce shoot dry 

weight in tomato. The authors concluded that Verticillium isolates cause severe vascular 

discoloration and wilting only if they are aggressive to the host. Less aggressive isolates will 

result in mild symptoms such as vascular discoloration of roots without aboveground symptoms. 

Tsror et al. (2001) found that V. dahliae from vegetative compatibility group (VCG) 2A isolated 

from eggplant caused higher Verticillium wilt incidence in tomato than V. dahliae VCG 2B or 

the VCG 4B isolates from eggplant. In 2010, an observational study of non-grafted, self-grafted, 

‘Beaufort’-grafted, and ‘Maxifort’-grafted tomato was conducted at WSU NWREC in a field 

inoculated with a V. dahliae VCG 4B isolate from potato. Tomato plants did not develop 

Verticillium wilt symptoms, and no microsclerotia or verticillate conidia were observed in stems. 

The V. dahliae populations at the field locations in this study might belong to VCGs that are less 

aggressive on tomato than other crops. The VCG of V. dahliae was not determined for the field 

study at either location since VCG identification requires expertise that was beyond the scope of 

this study. However, results from this study do indicate that producers at Eltopia and Mount 

Vernon may grow tomatoes in soils having a history of other crops seriously affected by 

Verticillium wilt, or having V. dahliae population levels similar to those in this study.  

 Treatment differences for physiological leaf roll were only observed at Mount Vernon in 

2011 whereas ‘Beaufort’-grafted tomato had significantly more severe physiological leaf roll 

than the other treatments; further, non-grafted plants tended to have the lowest physiological leaf 

roll relative to the grafted treatments. Physiological leaf roll has been associated with heavy 
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pruning and excess soil moisture (Damicone and Brandenberger, 2010; Woltz, 1968). 

Physiological leaf roll was not observed at Eltopia in either year, where plants were not pruned, 

irrigation rate was moderate, and soil was well-drained fine sandy loam. At Mount Vernon, soil 

type was a silt loam and plants were pruned weekly and were also irrigated at a moderate rate. 

Mount Vernon also has higher summer rainfall, higher relative humidity, cooler temperatures, 

and lower light quantity than Eltopia. These varying environmental conditions and cultural 

practices may have had a greater impact than grafting on the observed differences in 

physiological leaf roll severity. 

 Given that Verticillium wilt symptoms were not observed on tomato at either field 

location in either year, this research was not able to conclusively determine the effectiveness of 

disease resistant rootstocks in reducing Verticillium wilt severity on ‘Cherokee Purple’ tomato. 

However, our results indicate that successful cultivation of tomatoes in soils infested with V. 

dahliae near Eltopia and Mount Vernon may not require intensive Verticillium wilt management 

strategies such as soil fumigation.  
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Table 1. Mean stem diameter (cm) and area under growth progress curve (AUGPC) values for 

stem diameter
z
 of non-grafted and self-grafted ‘Cherokee Purple’ tomato as well as tomato 

grafted on ‘Beaufort’ and ‘Maxifort’ interspecific tomato hybrid  rootstocks in open-field 

production at Eltopia and Mount Vernon, WA
y
 in 2011. 

  Days after Transplanting   

Treatment 42 56 71 85 AUGPC 

Eltopia, WA Stem diameter (cm) 

   Non-grafted 0.71 b
x 

1.78 b 2.24 2.39 b 80.00 b 

  Self-grafted 0.71 b 1.80 b 2.37 2.20 c 80.76 b 

  ‘Beaufort’ 0.76 b 2.05 a 2.44 2.47 b 87.60 a 

  ‘Maxifort’ 0.83 a 2.12 a 2.49 2.71 a 91.69 a 

Significance of Effect
w
 0.0098 0.0007 0.1208 0.0005 0.0003 

  Days after Transplanting   

 

40 53 66 82 AUGPC 

Mount Vernon, WA Stem diameter (cm) 

   Non-grafted 1.23 b 1.36 b 1.44 c 1.77 b 83.39 b 

  Self-grafted 1.23 b 1.34 b 1.52 bc 1.86 ab 85.12 b 

  ‘Beaufort’ 1.43 a 1.58 a 1.63 a 1.96 a 95.18 a 

  ‘Maxifort’ 1.37 a 1.48 ab 1.57 ab 1.84 ab 89.57 ab 

Significance of Effect 0.0065 0.0175 0.0066 0.1524 0.0063 
z 
Stem diameter was measured 2.5 cm above the soil line. Mean AUGPC values were calculated 

from areas under growth progress curves generated from measurements taken on four rating 

dates.
 

y
 Field locations had a history of Verticillium wilt on other crops. Soil was sampled from the top 

15 cm of soil. There were 2.5 V. dahliae colony forming units·gram soil
-1

(cfu·g
-1

) at the 2010 

location and 3.0 cfu·g 
-1

 at the 2011 study location at Eltopia, and 18.0 cfu·g
-1

 at the 2010 

and 2011 study location at Mount Vernon. 
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x 
Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in a column are not significantly 

different at P ≤ 0.05.
 

w 
Significance of block and treatment effects analyzed using SAS (Version 9.2; SAS Institute, 

Cary, NC) with PROC GLM at α=0.05. 
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Table 2. Mean plant height (cm) and area under growth progress curve (AUGPC) values for 

plant height
z
 of non-grafted and self-grafted ‘Cherokee Purple’ tomato as well as eggplant 

grafted onto ‘Beaufort’ and ‘Maxifort’ interspecific tomato hybrid rootstocks in open-field 

production at Eltopia and Mount Vernon, WA
y
 in 2011. 

  Days after Transplanting   

Treatment 42 56 71 85 AUGPC 

Eltopia, WA 

       Non-grafted 28.90 92.40 108.77 117.17 3939.4 

  Self-grafted 25.40 91.53 110.47 119.73 3944.9 

  ‘Beaufort’ 26.23 100.00 119.03 120.37 4202.2 

  ‘Maxifort’ 28.27 100.07 116.53 121.77 4190.9 

Significance of Effect
x
 0.0589 0.0740 0.1062 0.8015 0.1462 

  Days after Transplanting   

 

40 53 66 82 AUGPC 

Mount Vernon, WA 
 

      Non-grafted 37.10 b
w 

54.02 b 66.93 b 89.62 b 3339.42 b 

  Self-grafted 36.68 b 54.07 b 66.93 b 87.58 b 3299.57 b 

  ‘Beaufort’ 39.37 a 58.51 a 75.10 a 97.53 a 3606.87 a 

  ‘Maxifort’ 37.69 ab 54.02 b 68.63 b 86.84 b 3326.47 b 

Significance of Effect 0.0287 0.0016 0.0103 0.0096 0.0035 
z 
Plant height was measured from soil line to top of plant crown. Mean AUGPC values were 

calculated from areas under growth progress curves generated from plant height 

measurements taken on four rating dates. Plants at Mount Vernon were pruned to one to two 

leaders throughout the growing season. 

y
 Field locations had a history of Verticillium wilt on other crops. Soil was sampled from the top 

15 cm of soil. There were 2.5 V. dahliae colony forming units·gram soil
-1

(cfu·g
-1

) at the 2010 

location and 3.0 cfu·g 
-1

 at the 2011 study location at Eltopia, and 18.0 cfu·g
-1

 at the 2010 

and 2011 study locations at Mount Vernon. 

x 
Significance of block and treatment effects analyzed using SAS (Version 9.2; SAS Institute, 

Cary, NC) with PROC GLM at α=0.05. 
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w 
Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in a column are not significantly 

different at P ≤ 0.05.
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Table 3. Marketable and unmarketable fruit number and weight (kg) of non-grafted and self-

grafted ‘Cherokee Purple’ tomato as well as ‘Cherokee Purple’ tomato grafted on ‘Beaufort’ and 

‘Maxifort’ interspecific tomato rootstocks in two years of open-field production at Eltopia, WA
z
 

in 2010 and 2011. 

 Non-grafted  Self-grafted ‘Beaufort’ ‘Maxifort’ Significance 

of Effect
y
 

2010      

Marketable fruit      

  Total number 3.95 4.07 3.89 3.72 0.9511 

  Total weight (kg) 23.80 23.97 22.77 19.20 0.6165 

Unmarketable fruit      

  Total number 4.17 3.10 3.20 4.67 0.5173 

  Total weight (kg) 0.54 0.60 0.61 0.40 0.3266 

2011      

Marketable fruit      

  Total number 26.4 23.23 31 24.67 0.1208 

  Total weight (kg) 5.91 ab
x 

5.74 b 7.28 a 5.16 b 0.0378 

Unmarketable fruit      

  Total number 3.4 2.8 2.7 2.77 0.9497 

  Total weight (kg) 0.81 0.64 0.6 0.86 0.8281 
z
 Field locations had a history of Verticillium wilt on other crops. Soil was sampled from the top 

15 cm of soil. There were 2.5 V. dahliae colony forming units·gram soil
-1

(cfu·g
-1

) at the 2010 

location and 3.0 cfu·g 
-1

 at the 2011 study location at Eltopia, and 18.0 cfu·g
-1

 at the 2010 

and 2011 study locations at Mount Vernon. 

y
 Significance of treatment effects analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) 

with PROC GLM at α=0.05. 

x 
Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in a column are not significantly 

different at P ≤ 0.05.
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Table 4. Fruit size [diameter (cm), length (cm), and weight (g)] and fruit quality [firmness (N), 

soluble solids (ºBrix) and lycopene (mcg/g)] of non-grafted and self-grafted ‘Cherokee Purple’ 

tomato as well as ‘Cherokee Purple’ tomato grafted on ‘Beaufort’ and ‘Maxifort’ interspecific 

tomato rootstocks in open-field production at Eltopia, WA
z
 in 2010 and 2011. 

 

Non-

grafted Self-grafted ‘Beaufort’ ‘Maxifort’ 

Significance 

of Effect
y
 

2010 

     Fruit size 

       Diameter (cm)     7.85     7.86     7.68     7.46 0.8832 

  Length (cm)     5.68     5.42     5.58     5.60 0.8177 

  Weight (g) 174.00 168.00 168.00 208.00 0.1309 

Fruit Quality 

       Firmness (N)     2.02     2.54    2.06     1.98 0.3239 

  Soluble solids (ºBrix)     4.03     4.15    4.06     4.13 0.9948 

  Lycopene (mcg·g
-1

)   20.22   19.24  18.62   14.48 0.4457 

2011 

     Fruit size 

       Diameter (cm)     9.05   11.83     9.48   11.20 0.2261 

  Length (cm)     6.60     6.18     6.13     6.30 0.9331 

  Weight (g) 228.00 246.00 238.00 214.00 0.7842 

Fruit Quality 

       Firmness (N)     2.11     2.53     2.26     2.43 0.4839 

  Soluble solids (ºBrix)     4.06     4.16     4.22     4.18 0.9566 

  Lycopene (mcg·g
-1

)   10.84   13.06   10.20   10.58 0.6394 
z
 Field locations had a history of Verticillium wilt on other crops. Soil was sampled from the top 

15 cm of soil. There were 2.5 V. dahliae colony forming units·gram soil
-1

(cfu·g
-1

) at the 2010 

location and 3.0 cfu·g 
-1

 at the 2011 study location at Eltopia, and 18.0 cfu·g
-1

 at the 2010 

and 2011 study locations at Mount Vernon. 

y
 Significance of treatment effects analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) 

with PROC GLM at α=0.05. 
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x 
Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in the same row were not 

significantly different at P ≤ 0.0 
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Fig.1. Means for area under disorder progress curve (AUDPC) values for severity of 

physiological leaf roll on grafted and non-grafted ‘Cherokee Purple’ heirloom tomato in 2010 

and 2011 at Mount Vernon, WA. Tomato plants were self-grafted and grafted onto ‘Beaufort’ 

and ‘Maxifort’ interspecific tomato hybrid rootstocks. Non-grafted and self-grafted tomato were 

included as experimental controls. AUDPC values were calculated from at least six severity 
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ratings during the growing season. Treatment differences were analyzed by comparing least 

square means using the LSMeans statement. Treatments followed by the same letter were not 

significantly different at P ≤ 0.05. 
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CHAPTER 5 

PLANT GROWTH, YIELD, FRUIT QUALITY, AND VERTICILLIUM WILT 

REACTIONS OF GRAFTED WATERMELON (CITRULLUS LANATUS) GRAFTED 

ONTO BOTTLE GOURD (LAGENARIA SICERARIA) AND  

INTERSPECIFIC SQUASH (CUCURBITA MAXIMA × CUCURBITA MOSCHATA)  

ROOTSTOCKS IN OPEN FIELD PRODUCTION. 

Abstract 

Watermelon cultivars are not resistant to Verticillium wilt, a soilborne disease that causes 

significant crop loss in Washington. Grafting has been used in other parts of the world for 

watermelon to provide disease resistance, increased vigor, and increased tolerance to low 

temperatures. This study investigated grafting as a potential Verticillium wilt control method for 

‘Crisp’n Sweet’ triploid watermelon. Growth, yield, fruit quality, and Verticillium wilt reactions 

were evaluated for ‘Crisp’n Sweet’ triploid watermelon cultivar grafted on ‘Emphasis’ bottle 

gourd and ‘Strong Tosa’ interspecific squash hybrid rootstocks as well as non-grafted and self-

grafted ‘Crisp’n Sweet’ watermelon. Field studies were located in the irrigated dryland area in 

the Columbia Basin at Hermiston, Oregon in 2010 and Eltopia, Washington in 2011, and in the 

cool maritime region of western Washington at Mount Vernon, Washington in 2010 and 2011. 

At Hermiston, grafting did not impact total marketable fruit number or mean fruit weight. 

Grafting also did not affect fruit diameter, length, or weight, and there was no significant 

difference in fruit firmness, soluble solid content, or lycopene content among grafted and non-

grafted plants. At Mount Vernon, ‘Emphasis’ and ‘Strong Tosa’ had significantly larger stem 

diameter than non-grafted and self-grafted plants in both 2010 (P = 0.0002) and 2011 (P = 

0.0067). Verticillium wilt symptoms were not observed at Eltopia or Hermiston. However at 

Mount Vernon, ‘Emphasis’ and ‘Strong Tosa’-grafted plants had significantly lower Verticillium 

wilt severity than non-grafted and self-grafted plants in both 2010 and 2011 (P < 0.0001). 
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Microsclerotia were observed in non-grafted, self-grafted, ‘Emphasis’-grafted, and ‘Strong 

Tosa’-grafted stems collected from Eltopia and Mount Vernon. V. dahliae was isolated from 

non-grafted and ‘Emphasis’-grafted stems at Eltopia and non-grafted, self-grafted, and ‘Strong 

Tosa’-grafted stems at Mount Vernon. Based on these results, ‘Emphasis’ and ‘Strong Tosa’ 

rootstocks appear to have partial but not complete resistance to V. dahliae. Grafting onto these 

rootstocks did not reduce marketable fruit yields or fruit size and did not impact fruit quality. 

Although unfavorable weather conditions for watermelon production prevailed at study 

locations, the results imply that grafting may effectively control Verticillium wilt in triploid 

watermelon production in soils contaminated with V. dahliae in Washington.  

Introduction 

Cucurbit grafting dates back to the 5th century in China and 17th century in Korea 

(Kubota et al., 2008). Commercial cucurbit grafting began in Japan in the 1920s with 

watermelon grafted onto Cucurbita moschata and Lagenaria sicerarea for resistance to 

Fusarium wilt caused by F. oxysporum f. sp. niveum, and other soilborne diseases that were 

becoming prevalent due to continuous cropping (Dau et al. 2009; Davis et al., 2008b; Kubota et 

al., 2008; Sakata et al., 2007). Grafting cucurbits has become widely practiced throughout the 

world to manage soilborne diseases in regions where intensive agricultural land use and 

continuous cropping have resulted in increased disease pressure from soilborne pathogens (Dau 

et al. 2009; Kubota et al., 2008). Watermelon is also commonly grafted onto other cucurbit 

species such as bottle gourd (L. sicerarea) and species of squash (Cucurbita spp.) that have 

tolerance to low temperatures and resistance to soilborne diseases (Sakata et al., 2007). 

The acreage of grafted watermelon increased steadily through the mid- to late 1900s. By 

the 1980s, grafted plants accounted for 57% of the total watermelon production area in Japan 
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(Lee, 2007). By the 1990s, more than 95% of watermelon in Japan and South Korea were grafted 

(Lee, 1994). Currently, the majority of watermelon production in Japan and South Korea, both in 

greenhouses and open field, uses grafted plants (Lee, 2007; Oda, 2007; Sakata et al., 2007). 

Cucurbit grafting has not been commonly practiced in the U.S., because agricultural land is 

abundant and production is less intensive and crop rotation consequently more feasible than in 

other parts of the world (Lee, 1994). Producer adoption in the U.S., despite marketing efforts by 

seed companies, has been tentative due to concerns about added labor costs, limited technical 

information on the grafting process, and limited information on regionally-specific rootstock 

selection (Kubota et al., 2008).    

Triploid watermelon is now more widely produced than diploid watermelon (USDA 

ERS, 2005). However, triploid watermelon seed is nearly ten times more expensive than diploid 

watermelon seed and has poor germination rates (60-80%) as compared to diploid watermelon 

(95%) due to a thick seed coat and small airspace within the center of the triploid seed (Kihara, 

1951; Grange et al., 2003; Maynard, 2001). Triploid watermelon crops are transplanted as 

seedlings to minimize crop loss due to poor germination (Maynard, 2001). Propagating seeds in a 

controlled environment allows growers to optimize environmental conditions for germination but 

significantly increases production costs. Grafting increases seed costs, as seed must be purchased 

for both scion and rootstock plants. The grafting process is labor and time intensive, as workers 

must handle each plant carefully during grafting and monitor plants daily during the week-long 

acclimation period (Kubota et al., 2008; Rivard et al., 2010; Sakata et al., 2007). Grafting is most 

appropriate for high-value vegetable crops such as triploid watermelon (Pegg and Brady, 2002). 

As triploid watermelon production already requires significant investment in seed costs and 
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transplant production, grafting may be a feasible alternative to soil fumigation for managing 

soilborne diseases. 

Grafting has been shown to affect fruit quality of watermelon plants (Davis et al., 2008a, 

Davis et al., 2008b). Fruit shape, firmness, total soluble solids (TSS), and lycopene are the main 

fruit quality parameters assessed for watermelon (Maynard, 2001; Pardo et al., 1997; USDA, 

2006). U.S. No. 1 fruit must be well formed, free from defects, firm, and not overripe with 

greater than 8% TSS (USDA, 2006). Watermelon grafted onto interspecific squash rootstock 

(Cucurbita maxima × Cucurbita moschata Duchesne) have been found to yield fruit that are 

significantly larger in size with firmer flesh than fruit from non-grafted plants (Huitron-Ramirez 

et al., 2009; Lee, 1994; Paroussi et al., 2007). Some pumpkin (Cucurbita spp.) rootstocks can 

negatively affect the fruit quality of grafted watermelon resulting in thicker pericarp, poor 

soluble solids, and an excessively firm fibrous texture (Sakata et al., 2007). Watermelon cv. 

‘Crimson Tide’ grafted onto interspecific squash rootstock (C. maxima × C. moschata) has been 

shown to accumulate higher amounts of p,p’-DDTs (chemical residues from organochlorine 

pesticides) in fruit than non-grafted watermelon (Isleyen et al., 2012). In contrast, Paroussi et al. 

(2007) found that ‘Crimson Sweet’ watermelon grafted onto interspecific squash hybrid 

rootstock (Cucurbita maxima × Cucurbita moschata Duchesne cv. ‘Mahmouth’) had higher 

yields but lower TSS than when grafted onto bottle gourd rootstocks. Bruton et al. (2009) 

evaluated fruit quality of nine different watermelon cultivars grafted onto three ‘C.maxima x C. 

moschata’ rootstocks, one L. sicerarea rootstock, and one Cucurbita ficifolia rootstock and 

found that watermelon cultivars grafted onto C. maxima x C. moschata rootstocks and C. 

ficifolia had higher fruit firmness but equivalent lycopene content and TSS compared to non-
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grafted watermelon. Cushman and Huan (2008) and Paroussi et al. (2007) also found that TSS 

was not affected by grafting.  

Verticillium wilt is a soilborne disease predominantly caused by Verticillium dahliae 

which causes significant crop loss in temperate climates (Schnathorst, 1981). Verticillium wilt is 

becoming an increasing problem in watermelon production in the western U.S. and is very 

common and widespread in irrigated agriculture in the Pacific Northwest, particularly in melon 

production (Maynard 2001; Sunseri and Johnson, 2001). The pathogen infects plant roots and 

rapidly colonizes xylem tissue, restricts water uptake, and causes irreversible wilting and plant 

death. Symptoms of the disease generally develop later in the growing season after the majority 

of production costs have been incurred (Pegg and Brady, 2002). V. dahliae produces 

microsclerotia (long-lived resting structures) within the infected plant tissue. These 

microsclerotia are capable of persisting in the soil for more than ten years, and are easily 

introduced and spread within and between fields when plant residue is incorporated into the soil 

and when contaminated soil is moved by equipment (Green, 1980; Menzies and Griebel, 1967; 

Pegg and Brady, 2002; Schnathorst, 1981). Due to the longevity of microsclerotia in soil and the 

wide range of plant species which can be hosts, crop rotation is generally ineffective in reducing 

V. dahliae populations (Klosterman et al., 2009; Pegg and Brady, 2002).  

While Fusarium wilt resistant watermelon cultivars have been available since the early 

1900s, there has been limited work on Verticillium wilt resistant cultivars (Maynard, 2001; Pegg 

and Brady, 2002). Many growers control V. dahliae populations with soil fumigation which is 

expensive and increasingly regulated by the U.S. Environmental Protection Agency (Duniway, 

2002). However, soil fumigants do not completely eradicate pathogen populations, especially 

when disease pressure is high (Hamm et al., 2003). As soil fumigants are increasingly regulated, 
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growers in the U.S. need alternatives for managing V. dahliae and other persistent widespread 

soilborne pathogens (Klosterman et al., 2009; Sande et al., 2011).   

Grafting onto disease resistant rootstocks is an effective control strategy for Fusarium 

wilt, gummy stem blight (Didymella bryoniae), and melon necrotic spot virus (Cohen et al., 

2005; Crino et al., 2007; Paroussi et al., 2007). While there are no cucurbit rootstocks known to 

be resistant to Verticillium wilt (Davis et al., 2008b), watermelon grafted onto many commercial 

cucurbit rootstocks have shown increased tolerance of Verticillium wilt and delayed symptom 

onset of up to 20 days (Paplomatas et al., 2000; Paroussi et al., 2007). The increased root mass 

and vigor of commercial cucurbit rootstocks appears to increase scion development despite 

pathogen infection, delaying disease symptom expression and thus providing an effective 

management strategy for Verticillium wilt in watermelon production (Davis et al., 2008b).  

There is limited information on the effectiveness of grafting to manage Verticillium wilt 

in triploid watermelon production. The primary objective of this research was to evaluate plant 

growth, yield, and fruit quality of triploid watermelon grafted onto bottle gourd and squash 

rootstocks in open field production in soils infested with V. dahliae in Washington and Oregon.  

Materials and Methods 

Propagation of grafted plant material. Grafting was conducted at the Washington State 

University (WSU) Northwestern Washington Research and Extension Center (NWREC) 

greenhouse facilities at Mount Vernon, WA (48°26'23.09" N, 122°23'44.04" W). Watermelon 

scion variety ‘Crisp ‘n Sweet’ (Zeraim Gedera, Israel), a red-fleshed triploid watermelon grown 

commercially by a cooperating grower, was grafted onto ‘Emphasis’ (L. sicerarea), and ‘Strong 

Tosa’ (Cucurbita maxima x Cucurbita moschata) to produce material for 2010 and 2011 field 
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trials. In April and May of each year, plants were grafted at approximately 10 d after emergence 

using the one-cotyledon grafting technique (Kubota, 2010; Lee, 2007).  

Plants were placed in a healing chamber immediately after grafting. In 2010, the healing 

chamber design was based on healing chamber structures observed at other research programs 

(Rivard and Louws, 2006; Zhao, personal communication). In 2011, healing chamber design was 

based on the results of a healing chamber design study conducted in January and February 2011 

(Johnson and Miles, 2011). Plants were gradually reacclimated to greenhouse conditions and 

removed from the healing chamber after 7 d. Plants were hardened off for at least 5 d prior to 

transplanting into the field. 

Field trial locations and experimental designs. Field trials were conducted in the irrigated 

dryland Columbia Basin region and in the cool maritime region of western Washington. In the 

Columbia Basin, the locations were a commercial watermelon field in Hermiston, OR 

(45°53'49.58" N, 119°06'01.62" W) in 2010, and a commercial vegetable farm in Eltopia, WA 

(46°29'15.64" N, 119°11'39.93" W) in 2011. In western Washington, the location was the WSU 

NWREC in Mount Vernon, WA (48°26'23.09" N, 122°23'44.04" W) in 2010 and 2011. Soil 

types at Hermiston are a Quincy fine sand and Taunton very fine sandy loam (University of 

California, 2010). At Hermiston, approximately 20 soil samples per acre were taken with a soil 

probe at a depth of 6 inches on Feb. 9, 2010. Soil was bulked and assayed at the OSU HAREC 

plant pathology lab. At Eltopia, soil type is a Taunton very fine sandy loam (University of 

California, 2010). Soil at this location was sampled on 9 Mar. 2011 following the same sampling 

protocol as at Hermiston. Soil samples were dried for 2 weeks, and 1 g of dried crushed soil was 

evenly distributed using a salt shaker onto ten plates of NP-10 semi-selective media, and 

incubated at room temperature in dark conditions for four weeks (modified Butterfield and 
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DeVay, 1977; Martin et al., 1982). At Mount Vernon, soil type is a Skagit silt loam (University 

of California, 2010). The site had confirmed Verticillium wilt in 2008 and 2009. In October 

2010, soil at the Mount Vernon study site was assayed following the protocol outlined above. In 

2011, the study was located in the same field site as 2010. 

 The study design at all locations was a randomized complete block with four treatments: 

(i) non-grafted ‘Crisp’n Sweet’ triploid watermelon, (ii) self-grafted ‘Crisp’n Sweet’ 

watermelon, (iii) ‘Crisp’n Sweet’ grafted onto ‘Strong Tosa’ (Cucurbita maxima x. moschata) 

and (iv) ‘Crisp’n Sweet’ grafted onto ‘Emphasis’ (Lagenaria siceraria). There were five plants 

per replicated treatment in Hermiston and six plants per replicated treatment in Eltopia and 

Mount Vernon. The Hermiston study in 2010 and the Mount Vernon studies in 2010 and 2011 

included four replications. At Eltopia in 2011, the study was planted with five replications. 

However, shortly after transplanting the study was reduced to two replications due to plant 

mortality caused by severe winds.  

 Field maintenance and study establishment. At Hermiston, rows were covered with black 

polyethylene mulch and drip irrigated (Aqua-Traxx 5 8” 6 mil 12” HF) approximately 4 h·d
-1

. 

Wheat was planted in spring as a wind break between rows, and mowed early in the growing 

season. At Eltopia, beds were formed 0.1 m high by 0.9 m wide on 1.4-m centers and laid with 

irrigation drip tape (T-Tape US Model 506-12-220; low flow, 16 mm diam., 6 mil wall 

thickness, 30 cm emitter spacing; John Deere, San Marcos, CA) before covering with black 

plastic mulch (0.9-mm microembossed; Filmtech, Allentown, PA). At Mount Vernon, prior to 

planting both years, the field was rototilled, chisel plowed, and rototilled two more times. Raised 

beds were formed 0.9 m wide by 0.2 m high on 2.1-m centers, laid with irrigation drip tape (low 

flow, 16 mm diameter, 8 mil wall thickness, 20 cm emitter spacing; John Deere, San Marcos, 
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CA), and covered with black plastic mulch (1.0 mil embossed; Pliant Corporation, Washington, 

GA).  

Plants were transplanted on 8 June 2010 at Hermiston, 11 May 2011 at Eltopia, and 14 

June 2010 and 2011 at Mount Vernon (except self-grafted watermelon treatment plants in 2010 

which were transplanted on 24 June 2010). Plants were spaced 0.6 m apart in beds at all 

locations both years. At Hermiston and Eltopia, pollinizer diploid varieties were planted every 

six plants within the study plots. At Mount Vernon, two pollinizer diploid watermelon plants 

were planted at the end of each row as well as one complete row on either side of the study site 

as a buffer. Wildflowers were seeded on June 14 into 2-m plots in the center of each row to 

attract pollinators.  

Plant growth. Stem diameter was measured approximately 2.5 cm above the soil line 

using a digital caliper (Model # 700-126, Mitutoyo, Aurora, IL). If there was a significant 

difference in diameter above and below the graft union, the scion and rootstock diameters were 

recorded separately and averaged. Stem diameter was measured at 41, 55, and 71 days after 

transplanting (DAT) at Hermiston in 2010 and 42, 56, 71, and 85 DAT at Eltopia in 2011. At 

Mount Vernon, stem diameter was measured at 57, 65, 72, and 80 DAT in 2010 and 22, 38, 55, 

and 69 DAT in 2011. Area Under Growth Progress Curves (AUGPCs) were calculated from 

stem diameter following the procedure outlined in Chapter 3. 

Harvest and yield. Fruit was harvested when the tendril located at the leaf axil where the 

fruit stem arises had turned completely brown and was dry (Georgia Vegetable Team, 2000). 

Fruit were harvested at Hermiston at 56, 71, and 87 DAT. At Eltopia in 2011, due to the 

reduction in treatment replications, there were insufficient fruit for statistical analysis. At Mount 

Vernon, no watermelon fruit reached marketable size either year and so no yield data were 
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collected. For each harvest date at Hermiston, the total weight and number of fruit per plot were 

recorded. Fruit were then sorted and weight and number of marketable fruit were recorded. 

Unmarketable fruit in each plot were categorized by insect damage, misshapen, poor color, soft 

rind and scarring, and weight and number in each category were recorded per plot.  

Fruit characteristics. Three representative marketable fruit were selected from each plot 

at each harvest date for fruit quality analysis. If there were less than three marketable fruit per 

plot, available fruit were used for fruit quality analysis and the total number of fruit was noted. 

Average fruit diameter and fruit length were measured for the three representative marketable 

fruit per plot at each harvest date at Hermiston. Diameter was measured along the latitudinal axis 

of the fruit. Length was measured along the longitudinal axis, between the blossom end and stem 

end. Individual weight of each fruit was recorded. Fruit was cut in half along the longitudinal 

axis. Internal defects such as hollow heart and white heart were noted and percentage of total 

affected area was rated with a 5%-step scale. Immaturity indicated by poor internal color 

development was also noted.  

Firmness. An approximate 5 cm x 5 cm x 5 cm section of fruit tissue was taken from the 

center of one half of each fruit just below the latitudinal axis toward the blossom end. Firmness 

of each section was measured using a drill-press penetrometer (Ametek., Berwyn, PA) with a 

4mm cylindrical blunt-end tip to a depth of 1 cm.  

Lycopene. Lycopene was analyzed using a spectrophotometer method developed by 

Nagata & Yamashita (1992) and modified by Elena Lon Kan (2007). The approximately 1 cm 

thick sections of fruit tissue used for firmness measurements were frozen in a -10 °C freezer. 

Frozen tissue from three fruit per plot were homogenized in a blender, such that there was one 

composite sample per plot per harvest date. Three 1-g subsamples were taken from the 
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homogenized tissue and placed in three separate centrifuge tubes. Thus, there were three 

subsamples per plot per harvest date.  

  Centrifuge tubes were wrapped in aluminum foil to minimize light exposure which 

degrades lycopene. A mixture solvent of HPCL grade acetone:hexane (2:3) was placed in the 

refrigerator for at least 24 hours prior to lycopene analysis. Sixteen ml of cold acetone:hexane 

solution were added to the homogenized tissue in each centrifuge tube. Tubes were vortexed 

for 60 s, and placed in a -25 °C freezer for 1.5 h. After 1.5 h, tubes were removed from 

the freezer, and held at room temperature for 5 min. After 5 min, the supernatant (upper layer 

consisting only of hexane) from each centrifuge tube was placed in a glass spectrophotometer 

cell, and capped immediately to prevent evaporation. The cap was removed only when the glass 

cell was placed in the spectrophotometer. Optical density was measured using a Beckman DU-65 

spectrophotometer at 663, 645, 505, and 453 nm. 

Lycopene was calculated according to Nagata & Yamashita (1992) converted from 

mg·100 ml
-1

 of extract to mcg·g
-1

 fresh weight sample (E. Lon Kan, personal communication): 

Lycopene (
mcg

g
fw sample)= ((-0.0458 A663) (.204 A645) 

 (0.372 A505)-(0.0806 A453) ) (10 (0.1042))  

Soluble solids. Watermelon juice was measured for soluble solid content (ºBrix) using a 

Palm Abbe
TM

 digital refractometer (MISCO, Cleveland, OH). Measurements were taken in a 

controlled lab environment where temperatures ranged between 21 and 22 °C. The digital 

refractometer was calibrated at the beginning of each day using deionized water. A few drops of 

juice were placed on the measuring surface for each reading. Following the reading, juice was 

swabbed off the measuring surface. The measuring surface was then rinsed with deionized water, 

and wiped dry. 

[1] 
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Field reactions to Verticillium wilt. Severity of Verticillium wilt was estimated at least 

four times during the growing season in 2010 and 2011. Verticillium wilt severity was 

determined as the total percentage of aboveground plant tissue per plot exhibiting wilting 

symptoms characteristic of Verticillium wilt (Schnathorst, 1981). Severity was evaluated at 

Hermiston at 41, 55, 71, and 87 DAT in 2010. At Eltopia in 2011, severity was evaluated at 42, 

56, 71, and 85 DAT but results were not analyzed due to an insufficient number of treatment 

replications. At Mount Vernon, disease severity was evaluated weekly beginning at 53 DAT and 

ending at 101 DAT in 2010, and biweekly beginning at 42 DAT and ending at 98 DAT in 2011. 

Disease assessments occurred as close to the same time of day as possible to avoid variation due 

to light quality and irrigation schedule. Area Under Disease Progress Curve (AUDPC) was 

calculated from disease severity ratings following the procedure outlined in Chapter 3 (Shaner 

and Finney, 1977). After the final disease rating the plant with the most severe Verticillium wilt 

symptoms from each plot was sampled. If no plants within a plot exhibited symptoms typical of 

Verticillium wilt, then the first plant in the plot was sampled. Sampled plants were cut at the soil 

line, and topped at approximately 20 cm. All fruit and side branches were removed and the stem 

was thoroughly rinsed with tap water. Stems were then placed in 10% bleach in sterile deionized 

water for 5 min. After 5 min, stems were rinsed in tap water for 30 s, cut longitudinally and 

placed in a moisture chamber so that the cut surfaces of the stems faced up. The moisture 

chamber was lined with a paper towel saturated with 2% bleach in sterile deionized water. Stems 

were incubated for 4 weeks at room temperature under dark conditions, then examined under a 

dissecting microscope for presence of microsclerotia or verticillate conidia typical of Verticillium 

sp. In 2010, presence or absence of microsclerotia was also noted to indicate disease incidence. 

Small pieces of infected stem tissue were transferred onto half-strength potato dextrose agar (½-
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PDA) medium or NP10 semi-selective medium. Cultures without contaminants were selected 

and the mycelia transferred to ½-PDA medium overlaid with sterile filter paper discs (6-mm 

diameter) in Petri dishes of the same size. After incubation for two to four weeks at room 

temperature, and when the fungal colony had reached maximum diameter, the colonized filter 

paper disks were removed from the media, dried for 24 h under a laminar flow hood, and stored 

on desiccant at 5.5 ºC. In 2011, conidia from infected stems were swiped with sterile filter paper 

and transferred onto ½-PDA. Isolates with growth characteristic of Verticillium were sent to 

WSU Plant and Insect Diagnostic Laboratory for DNA sequencing to confirm species 

identification.  

Statistical Analyses. Data were analyzed with one-way analysis of variance in SAS 

(Version 9.2; SAS Institute, Cary, NC) using PROC GLM and P ≤ 0.05. Homogeneity of 

variance was assessed using Levene’s test. If variance was homogeneous, data were analyzed 

using PROC GLM. If variance was not homogeneous, data were analyzed using PROC MIXED 

with a repeated statement to control for non-constant variance. Extremely low AUDPC values 

for rootstock-grafted treatments resulted in strongly heterogeneous variance, so ranked data was 

used for analysis of variance. Treatment differences were assessed using the LSMeans statement 

to analyze differences in least squares means.  

Results 

Plant growth. Stem diameter at Hermiston in 2010 and Eltopia in 2011 was insufficient 

for statistical analysis. At Mount Vernon at 57 DAT in 2010, there were no significant 

differences in stem diameter, which ranged from 0.89 to 1.25 cm (Table 1; P = 0.4824). At 65 

DAT, stem diameter of ‘Emphasis’-grafted plants (1.26 cm) and ‘Strong Tosa’-grafted plants 

(1.38 cm) were significantly greater than non-grafted and self-grafted plants (1.04 and 0.87 cm, 
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respectively; P < 0.0001). At 72 DAT, stem diameter for ‘Strong Tosa’-grafted plants (1.41 cm) 

was greater than non-grafted and self-grafted plants (1.41 and 1.00 cm, respectively) while stem 

diameter of ‘Emphasis’-grafted plants (1.31 cm) was not significantly different to both ‘Strong 

Tosa’-grafted and non-grafted plants (P = 0.0033). At 80 DAT, stem diameter of ‘Strong Tosa’-

grafted plants (1.58 cm) was significantly greater than all other treatments including ‘Emphasis’-

grafted plants (1.42 cm). Stem diameters of both rootstock-grafted plants were significantly 

greater than those of non-grafted and self-grafted plants (1.19 and 0.97 cm, respectively), with 

self-grafted having significantly smaller mean stem diameter than the other treatments (P < 

0.0001). ‘Emphasis’-grafted and ‘Strong Tosa’-grafted plants had significantly greater mean 

AUGPC values for stem diameter (29.38 and 32.22, respectively) than non-grafted and self-

grafted plants in 2010 (24.56 and 21.73, respectively; P = 0.0002). At 22 DAT in 2011, ‘Strong 

Tosa’-grafted plants had significantly greater stem diameter (0.66 cm) than ‘Emphasis’-grafted 

plants (0.61 cm), and both rootstock-grafted treatments had significantly greater stem diameter 

than non-grafted and self-grafted plants (0.48 and 0.49 cm, respectively; P = 0.0001). At 38 

DAT, stem diameters of ‘Emphasis’-grafted plants (0.84 cm) and ‘Strong Tosa’-grafted plants 

(0.88 cm) were greater than non-grafted and self-grafted plants which both had mean stem 

diameters of 0.65 cm (P = 0.0016). At 69 DAT, there was no significant difference in stem 

diameters which ranged from 1.10 to 1.26 cm (P = 0.1139). ‘Emphasis’ and ‘Strong Tosa’-

grafted plants had greater mean AUGPC values for stem diameter (44.92 and 45.63 cm, 

respectively) than non-grafted and self-grafted plants (36.67 and 37.54 cm, respectively; P = 

0.0067). 

Yield, fruit size, and fruit quality. At Hermiston in 2010, marketable fruit yield, fruit size, 

and fruit quality were not affected by grafting (Table 2). Total number of fruit per plant ranged 
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from 1.80 to 3.10 (P = 0.5058) and total weight of marketable fruit per plant ranged from 15.65 

to 25.50 kg (P = 0.6212). Mean fruit diameter ranged from 23.36 to 24.33 cm (P = 0.7022), 

mean fruit length ranged from 29.76 to 31.51 cm (P = 0.7744), and mean weight ranged from 

8.19 to 10.15 kg (P = 0.2468). Firmness ranged from 1.64 to 1.97 N (P = 0.2534). Mean soluble 

solid content ranged from 9.64 to 10.07 ºBrix (P = 0.6309). Lycopene content ranged from 29.03 

to 32.22 mcg·g
-1

 (P = 0.8019). Yield at Eltopia and Mount Vernon was insufficient for statistical 

analysis.   

Evaluation of plant health in field trials. Presence of V. dahliae soil populations at the 

Hermiston study location in 2010 was confirmed but inoculum density of the pathogen was not 

quantified. At Eltopia in 2011, there was an average of 3.0 V. dahliae cfu·g
-1

 soil. At Mount 

Vernon, an average of 18.0 V. dahliae cfu·g
-1

 soil were counted at the study location in 2010. 

Verticillium wilt symptoms were not observed at Hermiston in 2010 or Eltopia in 2011. 

At Mount Vernon in both 2010 and 2011, non-grafted and self-grafted plants had much greater 

Verticillium wilt severity than ‘Emphasis’ and ‘Strong Tosa’-grafted plants (Fig. 1). In 2010, 

mean AUDPC values (Fig. 2) for wilt severity of non-grafted and self-grafted plants (14.46 and 

13.67, respectively) were significantly greater than ‘Emphasis’ and ‘Strong Tosa’-grafted plants 

( 2.07 and 1.03, respectively; P = 0.0004). In 2011, mean AUDPC values for non-grafted and 

self-grafted plants (13.23 and 31.00, respectively) were also significantly greater than ‘Strong 

Tosa’-grafted plants, and all four treatments had higher mean AUDPC values for Verticillium 

wilt (0.00 and 3.07, respectively; P < 0.0001). 

No microsclerotia were observed in sampled stems from the Hermiston study in 2010. At 

Eltopia in 2011, microsclerotia were observed in all sampled non-grafted stems, all sampled self-

grafted stems, three of six ‘Emphasis’-grafted stems, and none of the four ‘Strong Tosa’-grafted 
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stems. V. dahliae was isolated from the infected stems of non-grafted and ‘Emphasis’-grafted 

stems. Of the four stems sampled per treatment at Mount Vernon in 2010, microsclerotia were 

present in the vascular tissue of three non-grafted stems, four self-grafted stems, three 

‘Emphasis’-grafted stems, and two ‘Strong Tosa’-grafted stems. In 2011 at Mount Vernon, four 

to six stems per treatment were sampled and microsclerotia were observed in the vascular tissue 

of four out of six non-grafted stems, two out of four self-grafted stems, none of the five 

‘Emphasis’-grafted stems, and four out of five ‘Strong Tosa’-grafted stems. V. dahliae was 

isolated from infected stems of all sampled plants except ‘Emphasis’-grafted plants, and identity 

was confirmed by DNA sequencing at WSU Puyallup.  

Discussion 

‘Emphasis’ and ‘Strong Tosa’-grafted plants had significantly larger stem diameters than 

non-grafted and self-grafted plants in both years at Mount Vernon. This result suggests that 

grafting onto commercial rootstocks increased plant growth. Non-grafted and self-grafted plants 

had significantly higher Verticillium wilt severity than ‘Emphasis’ and ‘Strong Tosa’-grafted 

plants. Therefore the increased stem diameter of ‘Emphasis’ and ‘Strong Tosa’-grafted plants 

may have been due in part to their increased tolerance of V. dahliae infection, and not solely 

because of rootstock attributes.  

To reach maturity, watermelon requires long warm growing seasons with soil 

temperatures above 21 ºC (Maynard, 2001; Oregon State University, 2004). The average soil 

temperature at Mount Vernon between 14 June and 15 Sept. was 18.2 ºC in 2010 and 17.5 ºC in 

2011 (Washington State University, 2012). At low temperatures, growth of watermelon is 

reduced (Korkmaz and Dufault, 2001). Bottle gourd and squash rootstocks have been reported to 

increase cold tolerance (Lee, 1994), and while watermelon grafted onto these two rootstocks had 
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a higher rate of growth than non-grafted and self-grafted plants at Mount Vernon the advantage 

did not translate into earlier fruit set or fruit maturity; no fruit reached maturity in any treatment 

either year.   

 ‘Emphasis’ and ‘Strong Tosa’-grafted plants had significantly lower Verticillium wilt 

severity than non-grafted and self-grafted plants. The disease progress curves for Verticillium 

wilt severity based on severity of wilting symptoms appeared to decrease at the end of the 

growing season in 2011. This decrease is likely because wilted tissue became necrotic as 

Verticillium wilt progressed. However, microsclerotia were observed in stems of all treatments, 

and V. dahliae was isolated from non-grafted, self-grafted, and ‘Strong Tosa’-grafted 

watermelon. Davis et al. (2008b) and Paplomatas et al. (2000) suggested that cucurbit rootstocks 

are susceptible to V. dahliae but may exhibit delayed symptom expression and insignificant 

reductions in yield. Partial resistance or tolerance of cucurbit rootstocks to V. dahliae may 

provide satisfactory control of Verticillium wilt under Washington conditions. Plants tolerant to 

Verticillium wilt are known to exhibit symptoms similar in severity to resistant plants without a 

reduction in yields (Caldwell, 1958). ‘Emphasis’ and ‘Strong Tosa’-grafted plants were infected 

by V. dahliae but exhibited little or no Verticillium wilt symptoms. The absence of Verticillium 

wilt at Hermiston in 2010 reveals probable low inoculum density of V. dahliae at the study 

location. Even though V. dahliae populations were confirmed, they were not quantified in the 

soil prior to establishment of the field study. 

 Although other studies have found significant increases in fruit firmness, fruit size and 

yield due to grafting (Huitron-Ramirez et al., 2009; Lee, 1994; Paroussi et al., 2007), this study 

did not show that grafting onto ‘Emphasis’ and ‘Strong Tosa’ rootstocks resulted in an increase 

in these parameters. TSS and lycopene content were similar between grafted and non-grafted 
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watermelon, as has been reported by other studies (Bruton et al., 2009; Cushman and Huan, 

2008). The yield and fruit quality results in this study were based on data from one year at one 

location due to delayed maturity and plant mortality associated with unfavorable weather 

conditions at the other locations. The reduced sample size may have limited measurable 

differences in yield between grafted and non-grafted plants.   

 Grafting triploid watermelon onto ‘Emphasis’ and ‘Strong Tosa’ rootstocks did not 

increase fruit size and quality, or marketable yield in this study. However, significant differences 

were observed in Verticillium wilt severity between grafted and non-grafted plants, and 

‘Emphasis’ and ‘Strong Tosa’ rootstocks exhibited partial resistance to V. dahliae. This study 

was limited by unfavorable weather conditions at the study locations, but the results indicate that 

grafting may be an effective control for Verticillium wilt in triploid watermelon production in 

soils in Washington and Oregon contaminated with V. dahliae.  
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Table 1. Mean stem diameter (cm) and area under growth progress curve (AUGPC) values for 

stem diameters
z
 of non-grafted and self-grafted ‘Crisp’n Sweet’ watermelon as well as 

watermelon grafted on ‘Emphasis’ bottle gourd and ‘Strong Tosa’ interspecific squash hybrid  

rootstocks in open-field production at Mount Vernon, WA
y
 in 2010 and 2011. 

  Days after Transplanting   

Treatment 57 65 72 80 AUGPC 

2010 

       Non-grafted 0.89 
 

1.04 b
x
 1.14 bc 1.19 c 24.56 b 

  Self-grafted 0.96  0.87 b 1.00 c 0.97 d 21.73 b 

  ‘Emphasis’ 1.11  1.26 a 1.31 ab 1.42 b 29.38 a 

  ‘Strong Tosa’ 1.25 1.38 a 1.41 a 1.58 a 32.22 a 

Significance of Effect
w
 0.4824 <0.0001 0.0033 <0.0001 0.0002 

  Days after Transplanting   

2011 22 38 55 69 AUGPC 

Mount Vernon, WA 
 

      Non-grafted 0.48 c 0.65 b 0.96 b 1.17  37.54 b 

  Self-grafted 0.49 c 0.65 b 0.94 b 1.10 36.67 b 

  ‘Emphasis’ 0.61 b 0.84 a 1.12 a 1.27 44.92 a 

  ‘Strong Tosa’ 0.66 a 0.88 a 1.10 a 1.26 45.63 a 

Significance of Effect 0.0001 0.0016 0.0345 0.1139 0.0067 
z 
Stem diameter was measured 2.5 cm above the soil line. Mean area under growth progress 

(AUGPC) values were calculated from growth progress curves generated from measurements 

taken on four rating dates.
 

y
 Field locations had a history of Verticillium wilt. Soil was sampled from the top 15 cm of soil, 

presence of V. dahliae was confirmed but not quantified by the Oregon State University Plant 

Clinic in 2010, but quantified at 18.0 cfu·g
-1

 soil by the authors in 2011. 
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x 
Treatment differences were analyzed using the LSMeans statement to analyze differences in 

least square means. Treatments followed by the same letter in a column are not significantly 

different at P ≤ 0.05.
 

w 
Significance of block and treatment effects analyzed using SAS (Version 9.2; SAS Institute, 

Cary, NC) with PROC GLM at α = 0.05. 
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Table 2. Marketable yield [number and weight (kg)], fruit size [diameter (cm), length (cm), and 

weight (g)], and fruit quality [firmness (N), soluble solids (ºBrix) and lycopene (mcg/g)] of non-

grafted and self-grafted watermelon as well as watermelon grafted onto ‘Emphasis’ bottle gourd 

and ‘Strong Tosa’ interspecific squash rootstocks in open field production at Hermiston, OR
z
 in 

2010. 

 

Non-

grafted Self-grafted ‘Emphasis’ 

‘Strong 

Tosa’ 

Significance 

of Effect
y 

Marketable fruit 

       Total number     3.10    2.00     1.80     2.55 0.5058 

  Total weight (kg)   28.32  20.09   15.65   25.50 0.6212 

      Fruit characteristics 

       Diameter (cm)   24.33   24.10   23.36   24.00 0.7022 

  Length (cm)   31.51   30.9   29.76   31.84 0.7744 

  Weight (kg)     8.63   10.15     8.19     9.88 0.2468 

      Fruit Quality 

       Firmness (N)     1.88     1.97     1.64     1.77 0.2534 

  Soluble solids (ºBrix)     9.84     9.68     9.64   10.07 0.6309 

  Lycopene (mcg·g
-1

)   32.215   31.26   29.03   30.82 0.8019 
z
 Field location had a history of Verticillium wilt. Soil was sampled from the top 15 cm of soil 

and presence of V. dahliae was confirmed but not quantified by the Oregon State University 

Hermiston Agriculture Research and Extension Center Plant Pathology Lab in 2010.  

y
 Significance of treatment effects analyzed using SAS (Version 9.2; SAS Institute, Cary, NC) 

with PROC GLM at α = 0.05. 
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Fig. 1. Disease progress curves for severity of wilting characteristic of Verticillium wilt of non-

grafted and grafted watermelon for field studies conducted at Mount Vernon, WA in 2010 and 

2011. Disease severity was rated as percent of aboveground plant tissue per plot exhibiting 

wilting characteristic of Verticillium wilt. ‘Crisp’n Sweet’ watermelon were self-grafted and 
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grafted onto ‘Emphasis’ bottle gourd and ‘Strong Tosa’ interspecific squash rootstocks with non-

grafted ‘Crisp’n Sweet’ watermelon as the control. Dates when there were significant differences 

in Verticillium wilt severity among treatments are marked with an asterisk (least square means, P 

≤ 0.05). 
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Fig.2. Means for area under disease progress curve (AUDPC) values for severity of wilting 

characteristic of Verticillium wilt on grafted and non-grafted watermelon at Eltopia (A) and 

Mount Vernon (B). Disease severity was rated as percent of aboveground plant tissue per plot 

exhibiting wilting characteristic of Verticillium wilt. ‘Crisp’n Sweet’ triploid watermelon was 

self-grafted and grafted onto ‘Emphasis’ bottle gourd and ‘Strong Tosa’ interspecific squash 

rootstock in field production at Mount Vernon, WA in 2010 and 2011. Non-grafted ‘Crisp’n 

Sweet’ watermelon was included as an experimental control. AUDPC values were calculated 

from at least four disease ratings during the growing season. Treatment differences were 

analyzed by comparing least square means using the LSMeans statement. Significant treatment 

differences are denoted in alphabetical order in 2010 and reverse alphabetical order in 2011. 

Treatments followed by the same letter were not significantly different at P ≤ 0.05. 
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