
ABSTRACT 

SUCHOFF, DAVID H. Vigor as a Function of Nitrogen Use Efficiency and Root 

Morphology in Tomato and Watermelon Rootstocks. (Under the direction of Dr. Jonathan R. 

Schultheis and Dr. Christopher C. Gunter). 

 

Grafted vegetables, while relatively new to North America, is a well-established 

method in many Asian and European countries to manage soil-borne diseases and improve 

production. Rootstocks for both solanaceous and cucurbitaceous crops have also proven to 

impart tolerance to abiotic stress such as cold soil temperatures, saline soils, drought, and 

flooding. When grown under favorable conditions lacking both severe biotic and abiotic 

stress, certain rootstocks appear to impart vigor in the form of increased yield to the scion. It 

has been hypothesized that this enhanced vigor is due to increased nitrogen use efficiency in 

the rootstock. Field studies on the Sandhills Research Station in Jackson Springs, NC were 

conducted in 2013 and 2014 to investigate the nitrogen use efficiency of grafted tomatoes 

and grafted watermelon. The objectives of these studies were to determine if grafted plants 

are more vigorous and if they can maintain marketable yields with reduced nitrogen inputs. 

There was no interaction between rootstock and nitrogen rate in tomatoes for both years of 

the study, however rootstock significantly increased marketable yield. No rootstock by 

nitrogen rate interaction was observed in grafted watermelons in either year of the study. 

Marketable yield was less and individual fruit size was smaller in grafted watermelon 

compared to non-grafted controls. However, certain rootstocks increased soluble solids 

content as well as flesh firmness in comparison to fruit from non-grafted plants.  

Root systems play a critical role in overall plant health and vigor. Though enhanced 

vigor imparted by certain tomato rootstocks has been documented in previous studies, very 

little has been done to analyze, compare, and characterize the growth and development of the 



root system of these rootstocks. Mini-horhizotrons were used to measure root architecture 

and growth in greenhouse-grown non-grafted, self-grafted, and cross-grafted tomatoes. The 

‘Maxifort’ rootstock showed increased root tip number, density, rate of horizontal root 

growth, and total root length compared to other cultivars used in the trial. This increased 

growth may play a role in the field response we observed when using ‘Maxifort’ rootstock 

which resulted in increased yield. With dozens of rootstocks available commercially and 

more currently under development, future work with the mini-horhizotron is needed to 

correlate to root system growth and subsequent yield seen in the field. 

Our results indicate that grafting watermelon did not increase yield or nitrogen use 

efficiency over non-grafted plants. Improved flesh firmness following grafting was 

confirmed in our study, and has been observed previously. With tomato, certain rootstocks 

can enhance marketable yield compared to non-grafted plants; however, this increase in yield 

does not appear to be due to increased nitrogen use efficiency imparted by the rootstock. 

Differences in rootstock architecture and growth are apparent between rootstock and scion 

cultivars.  By increasing our knowledge of rootstock root system characteristics and their 

correlation to subsequent growth in field, we can enable growers to tailor the rootstock-scion 

combination to fit their unique crop management needs.   
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CHAPTER I 1 

LITERATURE REVIEW 2 

As of 2011, global fertilizer application was estimated at 176.8 million tons and 3 

predicted to reach 194.1 million tons by the end of 2016 (FAOstat, 2012).  Nitrogen (N) 4 

composes the vast majority of fertilizer applied worldwide and is the limiting factor in most 5 

soils for both vegetable and grain crops (Smil, 1991). Over the past four decades the 7-fold 6 

increase in nitrogen fertilizer use is one of the key factors resulting in a doubling of global 7 

food production (Hirel et al., 2007). Prices for N fertilizer have been steadily increasing as 8 

these prices are tied to the price of fossil fuel; additionally, global demand is expected to 9 

increase at a yearly rate of 1.4% between 2014 and 2018 (FAO, 2015). Normally applied in 10 

the form of nitrate (NO3
-), nitrogen is highly mobile within the soil profile and thus easily 11 

leached. This leaching leads to a high level of inefficiency in regards to amount of N applied 12 

that is actually utilized by a crop. The average amount of applied N that makes it to harvested 13 

grain is only 33%  (Raun and Johnson, 1999).  This inefficiency is costly both monetarily and 14 

environmentally. Once leached, NO3
- can make its way into ground water, fisheries, and has 15 

been shown to cause oceanic “dead zones” due to eutrophication (Rabalais and Turner, 16 

2001). Nitrate fertilizer also contributes to rising concentrations of nitrous oxide, a 17 

greenhouse gas (Vitousek et al. 1997; Vitousek et al. 2009; Giles, 2005). Production of N 18 

fertilizer consumes a large amount of energy in the form of fossil fuels. As of 2008, 1.2% of 19 

global energy usage was in the production of N fertilizer  (Ahlgren et al. 2008). With fossil 20 

fuel becoming scarcer and prices increasing, production of N fertilizer will only become 21 

more expensive. Vegetable producers are looking for methods to reduce N loss such as the 22 



 

2 

use of controlled-release fertilizer  (Zhao et al. 2013). Additionally, a better understanding of 23 

the nitrogen uptake process and nitrogen use efficiency is necessary to mitigate some of the 24 

negative impacts of fertilizer applied but not used by the plant. Nitrogen use efficiency 25 

(NUE) has many different definitions but its two components are universal: (1) Plants can 26 

better utilize N taken up (“do more with less”) and (2) increase the amount of N acquired 27 

from the soil  (Garnett et al., 2009). NUE can be calculated as crop yield/biomass per unit of 28 

available N in the soil (Hirel et al. 2007). With an ever-increasing global population and 29 

reduction of arable land, better NUE is important for sustainable food production and 30 

preservation of the environment. 31 

Nitrogen Uptake 32 

In order to understand NUE, a clear understanding of how plants assimilate N is 33 

necessary. Nitrogen uptake, though highly complex, can be divided into two phases. The first 34 

phase involves assimilation of inorganic N into developing roots and shoots. These organs 35 

act as N sinks where the inorganic N is converted to amino acids prior to flowering. These 36 

amino acids are used in a variety of ways such as the synthesis of proteins and enzymes, 37 

general plant growth, and incorporation into photosynthetic compounds (Hirel and Lea 2001; 38 

Hirel et al. 2007). The second phase occurs during flowering at which point N assimilated 39 

during the vegetative phase is remobilized. Those roots and shoots that were N sinks in the 40 

first stage become the N source and fruit, seeds, and trunks become the sink (Masclaux et al. 41 

2000; Hirel et al. 2007). For example, remobilization of internal N in corn accounts for 45- 42 

65% of the grain N (Gallais and Coque, 2005).  This two-phase description of N uptake is 43 

highly simplified. 44 
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Phase 1: Nitrogen Assimilation 45 

Nitrogen is generally assimilated in the Nitrate form (NO3
-). Uptake at the root level 46 

takes place in two nitrate transport systems: root low-affinity transport system (LATS) and 47 

high-affinity transport system (HATS). The NRT1 gene family mediates LATS while the 48 

NRT2 gene family mediates HATS  (Masclaux-Daubresse et al., 2010). Specific genes 49 

within the NRT families code for each transport protein. For example, AtNRT11 codes for 50 

proteins found in the plasma membrane of the root tip epidermis as well as the endodermis in 51 

mature roots and the cortex  (Masclaux-Daubresse et al., 2010). AtNRT15 is located on the 52 

plasma membrane of root pericycle cells. It helps with the loading and transport of N from 53 

root to shoot  (Masclaux-Daubresse et al., 2010; Lin et al., 2008). Whereas LATS are 54 

expressed at high levels of NO3
-, HATS are active at low nitrate levels. Though ammonium 55 

concentration is normally much lower than nitrate, transporters still exist and are necessary in 56 

N uptake. Ammonium transporters (AMT) can either be high or low affinity, with high 57 

affinity AMT usually found in the outer root cells or root hairs and low affinity AMT found 58 

in the endodermis along the root hair zone (Masclaux-Daubresse et al., 2010). 59 

Once the roots take up nitrate it must be reduced to nitrite and then further reduced to 60 

ammonium. These two reactions are spatially separated; nitrate reduction occurs in the 61 

cytoplasm and nitrite reduction occurs in the chloroplast/plastids. These reactions can occur 62 

in either root cells or shoot cells. Nitrate reduction is catalyzed by nitrate reductase (NR) and 63 

the reaction produces nitrite. Once produced, nitrite is translocated to the chloroplast where 64 

nitrite reductase (NiR) reduces it to ammonium (Meyer and Stitt 2001; Masclaux-Daubresse 65 

et al. 2010). 66 
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Ammonium from both nitrate reduction and photorespiration is assimilated in the 67 

chloroplast via the GS/GOGAT cycle. The first part of this cycle involves glutamine 68 

synthetase (GS), which forms glutamine via the fixation of ammonium to a pre-existing 69 

glutamate molecule. Next, two molecules of glutamate are synthesized due to the reaction of 70 

glutamine with 2-oxoglutarate. This reaction is catalyzed by glutamine 2-oxoglutarate amine 71 

transferase (GOGAT). NR, NiR, and GOGAT must be reduced by NADH or ferredoxin to be 72 

active whereas GS requires ATP. NADH, ferredoxin, and ATP are products of 73 

photosynthesis.   (Lea and Forde, 1994; Lea and Miflin, 1974; Masclaux-Daubresse et al., 74 

2010). 75 

Phase 2: Nitrogen Remobilization 76 

The second phase of nitrogen uptake is the degradation and remobilization of nitrogen 77 

from compounds that have been previously assimilated as leaf proteins. During leaf 78 

senescence, proteins, especially those associated with photosynthesis (ex: Rubisco), are 79 

degraded and provide an enormous amount of nitrogen for developing organs. In many grain 80 

crops N assimilation cannot support the high N demand during grain filling. Leaf N 81 

remobilization can contribute anywhere from 50 to 90% of grain N in crops like rice, maize, 82 

and wheat (Masclaux et al., 2001). Malagoli et al. (2004) found that N uptake HATS and 83 

LATS activity was dramatically reduced with the onset of the reproductive phase in oilseed 84 

rape. It is assumed that during this period, N requirements were met by N remobilization 85 

from senescing leaves. These leaves, which were initially sinks for assimilated N, now 86 

become the source of remobilized N.  87 

 88 
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Root Morphology and NUE 89 

Being that roots are the site of N uptake, the logical thought would be that an 90 

increased root system would increase N uptake. However, this has not been the case in most 91 

studies. Gallais and Coque (2005) found that at low N levels there was an inverse 92 

relationship between root number and yield. This could be due to internal competition for 93 

photosynthate. A more robust root system may compete with grain/fruit as a carbon sink, 94 

thus decreasing yields. 95 

One very important component to the root morphology-nitrogen relationship has to 96 

do with how N acts in the soil solution. Nitrogen is a mobile nutrient within the soil, meaning 97 

roots need not explore large areas to scavenge N. In corn, for example, 79% of N supplied to 98 

the roots is via bulk flow, 20% due to diffusion, and 1% due to direct interception of roots 99 

with soil nutrients (Garnett et al., 2009; Barber, 1995). NUE as a function of root density or 100 

depth has more to do with the type of soil than amount of N. Under more porous conditions, 101 

like sandy soil, a deeper root system or one that is more heavily branched is more beneficial 102 

for scavenging leached N than in heavier soils (Garnett et al., 2009). Liao et al. (2006) 103 

attributed the superior uptake of nitrogen seen in vigorous wheat cultivars to the early and 104 

extensive growth of horizontal roots, specifically between 0.2-0.7 m of the soil profile. The 105 

increased root proliferation at an early stage provides the plant with nitrogen before it is 106 

leached away and made unavailable to the plant. Consequently, leaching of nitrogen is 107 

reduced since it is intercepted by the extensive root system. 108 

 109 

 110 
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Genetic Modification of Transporters and NUE 111 

N transporter modification for improved NUE has become an area of interest with the 112 

increasing ability of genetic manipulation. While many of the transporters and processes of 113 

uptake and assimilation are known, their regulation is highly complex and not completely 114 

understood. The biggest barrier to molecular modification of N uptake lies in the 115 

transcriptional and post-translational regulation that occurs throughout a plant’s life stages. N 116 

uptake is a dynamic process that changes with environmental fluctuations, plant life stages, 117 

and N availability. Experiments which over-expressed N uptake proteins like HATS have 118 

shown increased N influx, however no overall change on NUE (Fraisier et al., 2000; 119 

Masclaux-Daubresse et al., 2010). Another route has been through the overexpression of 120 

enzymes utilized in the reduction of N compounds. Overexpression of NR and NiR 121 

correlated to a lower level of nitrate in leaves of tobacco and potato, but this did not increase 122 

yield (Masclaux-Daubresse et al. 2010). However, numerous experiments that overexpress 123 

GS (part of the GS/GOGAT cycle) in rice, tobacco and other crops, have led to overall 124 

increase in yield or biomass (Good et al., 2004).  125 

One hypothesized method for imparting improved nitrogen uptake/usage efficiency is 126 

through grafting. Unlike breeding and genetic manipulation, grafting has the benefit of 127 

instantaneously transferring certain qualities from the rootstock that may be lacking in the 128 

scion. This is most commonly seen through the use of disease-resistant rootstocks with 129 

susceptible scions. The new combination is now resistant to certain soil-borne pathogens 130 

without having to go through the long breeding process or expensive genetic modification. 131 

With their place fixed as an IPM tool, grafted plants are now being investigated for possible 132 
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improvement in nutrient uptake/usage efficiencies (Schwarz et al., 2010; Schwarz et al., 133 

2012).  134 

Grafted Vegetables; Recent Research in the Use and Benefits of Grafted Cucurbits 135 

and Tomatoes 136 

Vegetable grafting, while relatively new to the United States, has been used in East 137 

Asia since the 1920s (Tateishi 1927). The first herbaceous grafts produced used a squash 138 

rootstock (Cucurbita moschata Duch.) and watermelon cultigen scion [Citrullus lanatus 139 

(Thunb.) Matsum & Nakai]. These plants showed both increased yield and pest/disease 140 

resistance (Tateishi, 1927; Kubota et al. 2008). However, it was not until the 1960s when 141 

grafted cucurbits were more commonly used in commercial production. It was also during 142 

this time that grafted tomatoes were introduced into commercial practice (Lee and Oda, 143 

2002). In Japan and Korea over 95% of all watermelon produced are grafted (Lee, 1994). In 144 

contrast, North America has been very slow to adopt the use of grafted vegetables in 145 

commercial production in field production systems; tomatoes are frequently grafted in 146 

protected culture systems (Kubota et al., 2008). Due to a more extensive availability of arable 147 

land for crop rotation, producers in the United States have not needed to use the intensive 148 

practices found in East Asian and European countries where farmland is limited and 149 

rotational strategies cannot be employed (Lee,1994). However, interest in grafted vegetables 150 

has increased as farmers are facing new soil borne disease pressure and are forced o aoadopt 151 

more integrated pest management practices along with the phase out of methyl bromide. 152 

Presence of soil-borne disease in production fields is the main reason for using grafted 153 
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vegetables. However, there have been instances of increased yield/fruit quality as well as 154 

improved adaptability to abiotic stress (Kubota et al. 2008). 155 

Grafting and Abiotic Stress 156 

Current research in grafted vegetables has largely focused on providing resistance to 157 

soil-borne disease, interest in improving tolerance to abiotic stress is also a potential benefit. 158 

Watermelon grafted onto Lagenaria siceraria rootstock has been reported to be more tolerant 159 

of flooded soils (Yetisir et al., 2006). Both grafted and non-grafted plants had reduced dry 160 

matter accumulation, leaf number, and main stem length compared to non-flooded plants. 161 

However, this decrease in growth parameters was much more pronounced in the non-grafted 162 

watermelon. For example, plant fresh weight of the non-grafted watermelon decreased by 163 

180% compared to the non-flooded controls whereas grafted plants decreased by 50%. One 164 

potential reason for the grafted watermelon’s higher tolerance of anaerobic conditions may 165 

be due to the formation of aerenchyma cells around the phloem of the Lagenaria rootstock 166 

(Yetisir et al., 2006). 167 

Much research has focused on the ability of grafted cucurbitaceous and solanaceous 168 

crops to tolerate suboptimal soil temperatures. Many of these crops such as watermelon, 169 

tomatoes, and cucumbers are warm season crops and need warm temperatures for optimal 170 

growth and production (Venema et al., 2005, Yu et al., 2002). Under cold conditions there is 171 

a reduction in photosynthesis and transpiration in tomatoes (Martin et al., 1981). This also 172 

leads to a reduction in fruit set and rate of truss development (Van der Ploeg and Heuvelink, 173 

2005). Cucumber (Cucumis sativus L. cv. Chung-Jang) grafted onto figleaf gourd rootstock 174 

(Cucurbita ficifolia Bouché) was more tolerant of suboptimal soil temperatures (Ahn et al., 175 
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1999). Non-grafted cucumbers suffered when temperatures were lower than 20°C whereas 176 

plants grafted onto figleaf gourd rootstocks had an optimal soil temperature of 15°C. Zhou et 177 

al. (2007) found that these same grafted cucumbers had more assimilation of CO2 at 7°C as 178 

well as shoot growth at 14°C. They also found that the rate of light-saturated CO2 179 

assimilation was significantly higher in grafted plants at lower temperatures than non-grafted 180 

cucumbers at the same temperature. There was an increased amount of cytokinins in the 181 

xylem sap of grafted plants than non-grafted cucumbers in response to chilling (Zhou et al. 182 

2007). These hormones have been shown to be involved in the formation and build-up of 183 

chlorophyll as well as shoot greening (Kato et al. 2002; Schmülling, Schäfer, and Romanov 184 

1997). Yamasaki et al. (1994) associated shoot vigor of grafted watermelon to increased 185 

levels of xylem sap cytokinins; however, they could not find any relationship between the 186 

higher level of hormones and fruit quality. 187 

Tomatoes, like cucurbits, also need warm soil temperatures for optimal growth (Van 188 

der Ploeg and Heuvelink, 2005). Tomatoes grafted onto high-altitude wild tomato accessions 189 

(Solanum habrochaites LA 1777 Humb. & Bonpl., Sh) had more total leaf area, and 190 

increased rate of leaf expansion and biomass at lower temperatures compared to self-grafted 191 

tomatoes (Venema et al., 2008).  192 

Crop production worldwide is increasingly affected by soil salinity. It is estimated 193 

that 20% of the worlds irrigated soils are affected by salinity (Yamaguchi and Blumwald 194 

2005) Grafted vegetables have also been reported more tolerant of deleterious soil 195 

conditions. Huang et al. (2010) found that cucumbers grafted onto ‘Black Seeded’ figleaf 196 

gourd rootstock were more tolerant of high salinity caused by over-application of major 197 
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nutrients. They partly attributed this tolerance to the rootstock’s ability to maintain a better 198 

mineral status via higher Mn and total microelement contents. Under saline conditions, 199 

grafted watermelon had significantly higher leaf area than non-grafted plants. Additionally, 200 

Na concentration in these leaves was much lower in grafted versus non-grafted watermelon, 201 

suggesting that certain rootstocks may be more effective in sequestering Na in the root 202 

system and reducing the amount of Na transported to the aerial parts of the plant (Colla et al., 203 

2006). In alkaline conditions, watermelon grafted onto interspecific squash hybrid rootstocks 204 

(Cucurbita maxima x Cucurbita moschata ‘P360’ and ‘PS1313’) had reduced levels of 205 

chlorosis compared to non-grafted plants and watermelon grafted onto bottle gourd rootstock 206 

(L. siceraria ‘Macis’ and ‘Argentario’). Interspecific squash hybrid grafted watermelon also 207 

had higher assimilation rates (especially Fe) and overall better nutritional status (higher Mg 208 

and P) than non-grafted watermelon and grafted watermelon on bottle gourd rootstock. The 209 

overall better growth and yield using the interspecific squash hybrid rootstock was associated 210 

with higher levels of organic acid exudation by the roots. 211 

Disease Management through Grafting 212 

Grafted vegetables have been used traditionally as a means to manage soil-borne 213 

pathogens (Kubota et al., 2008; Lee and Oda, 2002; Louws et al., 2010; Paret et al., 2011, 214 

Yetışır 2003). The popularity of grafted vegetables in Asian and European countries is due in 215 

part by the lack of arable land (Kubota et al., 2008). With land at a premium, agricultural 216 

practices are highly intensive and the use of crop rotation to prevent buildup of soil-borne 217 

pathogens is not feasible (Hartmann and Kester, 1975; Besri, 2001). With more availability 218 

of arable land, vegetable producers in the United States have not needed the same intensive 219 
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non rotational land practices and thus the use of grafted vegetables has been minimal. Soil 220 

fumigation with methyl bromide (MB) was a common practice in the US and Europe when 221 

soil-borne pathogens were present. However, with the phase-out of MB between 1999 and 222 

2005, alternative means of managing soil-borne pathogens have been investigated and 223 

vegetable grafting has been one of them (Besri et al., 2003; King et al., 2008; Martin, 2003; 224 

Miguel et al., 2004)   225 

Many of the commercial rootstocks bred for grafting show varying forms of 226 

resistance to common soil-borne pathogens such as Fusarium, Ralstonia, and Verticillium 227 

through tolerance, quantitative resistance, or creating a mechanical barrier for pathogen 228 

movement to the scion (Keinath and Hassell, 2014; King et al., 2008; Louws et al., 2010; 229 

Rivard et al., 2010). Rivard and Louws. (2010) found that interspecific (S. lycopersicum × S. 230 

habrochaites) tomato rootstocks ( ‘Maxifort’, ‘Big Power’, ‘Beaufort’) were effective in 231 

reducing the incidence of Southern Blight caused by Sclerotium rolfsii. These rootstocks also 232 

showed differing levels of resistance to root-knot nematodes (Meloidogyne spp.) with ‘Big 233 

Power’ being most resistant to M. incognita. With high disease pressure, the grafted plants 234 

had increased yield and fruit marketability compared to non-grafted controls. The use of 235 

grafted tomatoes has become widespread in Morocco due to its ability to manage root-knot 236 

nematodes as well as certain Fusarium species (Besri, 2001). Bacterial wilt (Ralstonia 237 

solanacearum) is another soil-borne pathogen that has been successfully managed through 238 

the use of grafted tomatoes (Peregrine and bin Ahmad, 1982; Tikoo et al., 1979). By 239 

imparting instant resistance in the form of tolerance and as an asymptomatic host against 240 

certain pathogens, grafted tomatoes are especially useful to organic producers who have no 241 
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means of fumigating their soils. In an organic production system grafted tomatoes controlled 242 

Fusarium wilt (F. oxysporum f.sp. lycopersici) as well as southern bacterial wilt (Ralstonia 243 

solanacearum)  (Rivard and Louws, 2008). 244 

Similar to tomatoes, many cucurbit rootstock lines have been successful in reducing 245 

disease incidence caused by soil-borne pathogens. Worldwide, Fusarium wilt (F. oxysporum 246 

f.sp. niveum (E.F.Sm.) Snyd. & Hans.) is the leading cause of reduced yield in watermelon 247 

(Bruton et al., 2007). It is estimated that 75% of the total watermelon production in the 248 

United States is at risk to Fusarium wilt (Bruton et al., 2007). Researchers in Oklahoma 249 

reported that grafted watermelon on a number of squash and gourd rootstocks were resistant 250 

to Fusarium wilt. However, this came at an increased production cost of $1,743 per hectare 251 

compared to normal production costs ($2698) of non-grafted watermelon (Taylor et al., 252 

2008). Other researchers have also found grafted watermelon and melon had reduced 253 

incidence of Fusarium wilt and that the level of resistance also depends on how susceptible 254 

the scion is to Fusarium wilt (Cohen et al., 2002). In an experiment spanning eight years, 255 

Miguel et al. (2004) found that ‘Shintosa’ rootstock was effective in managing Fusarium wilt 256 

while increasing fruit size with no negative effect on fruit quality. Both bottle gourd and 257 

interspecific squash rootstocks showing resistance to Fusarium wilt appear to be 258 

“asymptomatic hosts” for F. oxysporum f. sp. niveum; while isolates of the pathogen were 259 

found in the base of the rootstock, no disease symptoms were observed (Keinath and Hassell, 260 

2014). Another soil-borne disease of growing concern is Monosporascus sudden wilt 261 

(Monosporascus cannonballus). This disease mainly affects muskmelon grown in arid 262 
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conditions (Martyn and Miller, 1996). Grafting melon onto rootstock cv. ‘Brava’ (Cucurbita 263 

maxima) reduced sudden wilt incidence 84% to 87% (Edelstein et al., 1999). 264 

Imparting Vigor through Grafting 265 

Grafted vegetables have been successful in overcoming abiotic and biotic stress. 266 

Under favorable conditions (those without disease, extreme abiotic stress), specific 267 

combinations of grafted vegetables have been shown to be more vigorous than non-grafted 268 

controls. Vigor is difficult to define but for this review it encapsulates the following plant 269 

qualities: strong vegetative growth, early/robust flowering, increased yield, and increased 270 

fruit size/quality.  271 

 Results from graft-imparted growth studies are more variable than those for disease or 272 

abiotic stress resistance. For example, Davis and Perkins-Veazie (2005) found that fruits 273 

obtained from non-grafted watermelon plants weighed more than fruits obtained from grafted 274 

watermelon plants and that there was no difference in fruit volume between treatments. 275 

However, fruit from the grafted plants did have higher lycopene content and firmer flesh. 276 

Yamaski et al. (1994) reported that watermelon grafted onto interspecific squash hybrid 277 

rootstock had firmer flesh than the non-grafted control or if plants were grafted onto 278 

Lagineria siceraria rootstocks. Lee and Oda (2002) found watermelon fruit quality was 279 

reduced with grafting as the flesh was more fibrous, less firm, and had an overall lack of taste 280 

compared to non-grafted fruit. In contrast with these results, watermelon grafted onto 281 

‘Shintosa’ rootstock had increased fruit size with no difference in soluble sugar content or 282 

flesh quality compared to the non-grafted control (Miguel et al., 2004). Though vegetative 283 

growth was the same, Salam et al. (2002) found that grafted watermelon yielded significantly 284 
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more than the non-grafted control. They reported that grafted watermelon flowered later than 285 

non-grafted plants, though this was attributed to the setback in growth that occurred due to 286 

the grafting process.  In another study which considered yields of various scions and 287 

rootstocks, Bekhradi et al. (2009) did not find any difference in yield of grafted watermelon 288 

compared to a non-grafted control but they did report an increase in vegetative vigor as 289 

grafted watermelon had an increase in number of internodes, laterals, and stem length with 290 

certain rootstocks. When grafted onto Lagenaria siceraria rootstock there was no increase in 291 

number of internodes or laterals. When grafted onto Cucurbita pepo and ‘Fero’ (Cucurbita 292 

maxima x Cucurbita moschata) the number of laterals and internodes increased compared to 293 

non-grafted ‘Charleston Gray’. All three rootstocks had significantly longer stems than the 294 

non-grafted treatment. Grafting three cultivars of Cucumis melo (‘Yuma’, ‘Melina’, 295 

‘Gallicum’) onto three interspecific squash hybrid rootstocks (‘Shintosa’, ‘RS-841’, ‘Kamel’) 296 

significantly increased melon yield up to two fold compared to non-grafted control plants 297 

(Ruiz and Romero, 1999). These variable responses seem to indicate that yield response is 298 

predicated on the rootstock x scion combinations, and response is not consistent across 299 

rootstock scion combinations in cucurbits. 300 

Increased vigor has also been reported in grafted tomatoes. In a three-year greenhouse 301 

study of grafted tomato production, plants grafted onto ‘Maxifort’ and ‘Vigomax’ rootstocks 302 

yielded more than the non-grafted treatment (Colla et al., 2006). Yield increased from 6% to 303 

39% compared to the non-grafted treatment. While there was a noticeable difference in yield, 304 

fruit quality (pH value, vitamin C content) was not different. Lycopene content in plants 305 

grafted onto ‘Maxifort’ rootstock was lower than the other treatments  (Mišković et al., 306 
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2008). Studies of other grafted solanaceous crops have shown similar results. Peppers 307 

(Capsicum annum L.) grafted onto two bell pepper hybrid rootstocks (‘Edo’ and ‘Lux’) had 308 

an increase in yield and plant height. Fruit quality (TSS contents, pH, titratable acidity) was 309 

not different than the non-grafted control (Colla et al., 2006). 310 

In the case of grafted tomatoes, excessive vegetative vigor can detract from fruit 311 

production. Field grown grafted tomatoes in Mexico showed excess vigor in the form of 312 

increased foliage and vine growth such that pruning was needed to ensure good fruit set 313 

(Gaytán-Mascorro et al., 2008).  When grafted plants were not pruned, they had higher leaf 314 

area resulting in higher levels of fruit abscission compared to pruned plants. Pruning reduced 315 

overall plant vigor but it increased plant photosynthetic efficiency, which is a function of 316 

photoassimilate allocation into developing fruit.  317 

Vigor as a Result of Rootstock Physiology 318 

It has been hypothesized that vigor associated with grafting is due in part to 319 

endogenous hormones synthesized in the rootstock and transported to the scion as well as 320 

improved nutrient uptake by the rootstock. Cytokinin concentration has been hypothesized to 321 

effect fruit production and quality in grafted watermelon (Yamasaki et al., 1994). An increase 322 

in cytokinin was attributed to increased synthesis at the root tips of the squash hybrid 323 

rootstock. The researchers concluded that the faster rate of mineral absorption in the 324 

‘Shintosa’ grafted plants was due to this increase in cytokinins in the xylem exudate. Xylem 325 

exudate from watermelon grafted onto ‘Shintosa’ rootstock (C. maxima x C. moschata) was 326 

higher than that of Lagenaria-grafted and non-grafted watermelon. The overall shoot vigor of 327 

these plants was ultimately attributed to the increased level of cytokinins and may lead to the 328 
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plant’s ability to tolerate heavier fruit load. Not only do cytokinins appear to aid in increased 329 

mineral absorption, but they direct these minerals as well as other metabolites from source to 330 

sink by playing a critical role in the source sink balance (Mothes and Engelbrecht, 1961). It 331 

could be that the excess cytokinins synthesized in the rootstock aid in the increased 332 

absorption and assimilation of minerals into fruit and shoot sinks, thus bolstering the plants 333 

ability to sustain larger yields. The reduction in fruit quality, which can be common in some 334 

graft scion combinations, has been suggested to be due to augmented cytokinin levels (Aloni 335 

et al. 2005).  336 

Research has been conducted to determine the correlation between vigor and root 337 

morphology (Oztekin et al., 2009). Using ‘Durinta’ as the scion and self-grafted control and 338 

two commercially available rootstocks (‘Heman’ ‘Beaufort’), Oztekin et al. analyzed root 339 

characteristics and compared the various rootstock scion combinations using different growth 340 

measures. Root density in the grafted treatments was 25% higher than the self-grafted 341 

treatment. They also found that plants grafted onto ‘Beaufort’ rootstock had a higher number 342 

of root hairs compared to both ‘Heman’ rootstock and self-grafted plants (45% and 71% 343 

higher, respectively). However, even with the increase in root hairs and root density, the 344 

grafted treatments did not have higher biomass or water transpired. The authors hypothesize 345 

that this could be due in part to the high substrate exploitation of the rootstocks as well as 346 

low soil water potential. Regardless, they concluded that even under optimal soilless 347 

conditions, there was only a slight difference in rootstock function even with noticeable 348 

differences in root features. 349 

 350 
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Vigor and Increased Nutrient Uptake 351 

Increasing interest in the use of grafted plants to take advantage of the increases in 352 

nitrogen use efficiency has been initiated. Much of the research has focused on nitrogen 353 

uptake and use efficiency. In watermelon it was found that ‘Early Star’ grafted onto three 354 

different pumpkin rootstocks (C. pepo L. ‘Shintosa’, ‘Brava’, ‘Kamel’) had lower levels of 355 

nitrate and ammonium in their leaves compared to the non-grafted ‘Early Star’ control 356 

(Pulgar et al., 2000). This reduction was explained by a higher concentration of nitrate and 357 

nitrite reductase in the grafted watermelon. The researchers also found that grafted plants had 358 

higher amounts of amino acids, soluble proteins, and dry mass. This suggests that grafted 359 

watermelons are more efficient in assimilating inorganic nitrogen into organic compounds. In 360 

a similar study, Nie et al. (2010) found watermelon seedlings grafted onto Cucurbita ficifolia 361 

exhibited increased chlorophyll, stomatal conductance, and internal CO2 concentration, 362 

which would indicate increased photosynthesis. Xylem exudate was more abundant in the 363 

grafted seedlings and it contained nearly twice as much nitrate in comparison with non- 364 

grafted xylem exudate. Extrapolating from the work of Pulgar et al., the increased 365 

photosynthetic ability of grafted watermelon seedlings could be attributed to higher levels of 366 

NR and NiR which assimilate the increased amount of nitrate supplied by the more vigorous 367 

rootstock. 368 

A similar experiment was conducted using three melon cultivars (‘Yuma’ ‘Melina’ 369 

‘Gallicum’) and three interspecific squash hybrid rootstocks (‘Shintosa’ ‘RS-841’ 370 

‘Kamel’);(Ruiz and Romera, 1999). As with Pulgar et al.’s research, grafted melons had 371 

lower levels of nitrate compared to the non-grafted melons. There was also an increase (at 372 
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least two-fold) in the amount of NR in the grafted plants compared to the non-grafted, 373 

corroborating the findings of Pulgar et al. However, in contrast, Ruiz and Romera found that 374 

the control plants had significantly higher concentrations of free amino acids and soluble 375 

proteins. The authors hypothesize that this low concentration of nitrogenous compounds is 376 

due to their translocation to the vigorous rootstock (Ruiz and Romero, 1999). Increased 377 

growth and vigor of the root system may require larger amounts of amino acids than non- 378 

grafted watermelon roots.  379 

Building from of Pulgar et al’s research, Colla et al. (2010) further explored NUE in 380 

grafted melon. Grafting melon onto interspecific squash hybrid rootstocks (‘P360’ ‘PS1313’) 381 

increased NUE. Colla et al. used multiple nitrogen fertilizer regimes and found that when 382 

averaging over the three nitrogen levels, grafted plants had a 9% increase in yield compared 383 

to the non-grafted treatments. Nitrogen uptake efficiency was calculated by dividing plant 384 

nitrogen content by the applied level of nitrogen. When averaging over the three nitrogen 385 

levels, grafted plants had 16.3% higher nitrogen uptake efficiency compared to the non- 386 

grafted control. Finally, NUE (yield/N application rate) was reported 11.8% higher in grafted 387 

treatments compared to non-grafted controls averaged over all three nitrogen application 388 

rates (Colla et al., 2010). 389 

Research specific to tomato nutrient use efficiency is less abundant than that for 390 

cucurbits; however results are similar. Nutrient uptake in grafted and self-grafted tomatoes 391 

was used as a measure of yield and tissue nutrient content (Leonardi and Giuffrida, 2006). 392 

Plants grafted onto ‘Beaufort’ rootstock had higher concentrations of N, P, K, Ca, Mg, and S, 393 

with N, Ca, and K nearly two times higher in grafted plants than in self-grafted control. Yield 394 
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from ‘Beaufort’ grafted plants was 30% higher than the self-grafted control. Since all grafted 395 

treatments were subjected to the same fertilizer regiment, it was concluded that tomatoes 396 

grafted onto ‘Beaufort’ rootstock have a higher nutrient uptake efficiency as well as nutrient 397 

assimilation efficiency. 398 

In a recent study, grafted tomatoes were reported as more efficient in water and 399 

nitrogen use (Djidonou et al., 2013). Plants were grown under two irrigation treatments and 400 

six nitrogen fertilizer regimes. Results for irrigation use over the two years were conflicting, 401 

likely due to environmental variation in rainfall. Two rootstocks (‘Multifort’ ‘Beaufort’) and 402 

one scion ‘Florida 47’ were used as well as the non-grafted control. NUE was estimated as 403 

the ratio of marketable fruit yield to the amount of N supplied through fertilization. Grafted 404 

plants averaged across N treatments were 35% and 42% more efficient in their nitrogen use 405 

than the non-grafted treatment for each year, respectively. The highest NUE was for the rate 406 

of 112 kg/ha and the lowest was for 336 kg/ha. Fruit weight for the grafted treatments was 407 

higher than the non-grafted plants except for at the 112 kg/ha N rate. Non-grafted plants did 408 

not show any marketable yield difference at levels of nitrogen at or above 56 kg N/ha. 409 

However, grafted plants had an increase in marketable yield at 280 kg N/ha compared to 112 410 

kg/ha and 56 kg N/ha. This suggests that, while grafted plants may be more efficient in their 411 

use of nitrogen, they also have the ability to continue to use more if it is available, whereas 412 

non-grafted plants plateau at a certain N rate (Djidonou et al., 2013) . 413 

Schwarz et al. (2012) focused on potassium (K+) in grafted tomatoes. Under saline 414 

conditions potassium can be difficult for plants to absorb. Soil salinity is an increasing 415 

problem around the world and thus K+ uptake efficiency is critical. Two tomato cultivars 416 
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(‘Classy’ and ‘Piccolino’) were self-grafted as controls or grafted onto two rootstocks 417 

(‘Maxifort’ ‘Brigeor’). Under stressed/low K+ conditions both rootstocks were able to reduce 418 

the amount of yield lost for ‘Piccolino’ grafted plants, however this was not the case for 419 

‘Classy’ grafts. Under low K+ the two rootstocks were able to enhance fruit quality 420 

characteristics such as fruit size, carotenoid content, and firmness. Under conditions with 421 

normal rates of potassium ‘Piccolino’ grafted onto ‘Maxifort’ rootstock had a significant 422 

reduction in yield. The authors attribute yield loss to the extreme vigor of the rootstock. The 423 

authors hypothesized that vigorous growth of the rootstock competes with the scion for 424 

assimilates and thus decreases the total yield (Schwarz et al. 2012). 425 

Conclusion 426 

The literature discussed in this review has shown that grafted vegetables have a place 427 

in commercial production worldwide. Their use as a means to manage soil-borne pathogens 428 

has been clearly demonstrated, as has their ability to overcome certain abiotic stress. Fruit 429 

quality and yield for grafted cucurbits is not as definitive as it is for grafted tomatoes. 430 

However, additional research is needed to clarify how grafting affects cucurbit fruit quality. 431 

Similarly, nutrient use efficiency appears to be increased by grafting; however, more research 432 

is needed to determine whether this is due to root physical characteristics or a result of 433 

rootstock genetic traits. Finally, the majority of the trials reported in this review, especially 434 

the nutrient studies, were conducted under hydroponic or greenhouse conditions. Much more 435 

research is needed to determine how grafted plants respond to field conditions and shed light 436 

on their ability to utilize nutrients.  437 

 438 
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CHAPTER II  637 

VIGOR IN GRAFTED TOMATOES AS A FUNCTION OF NITROGEN USE 638 

EFFICIENCY 639 

Abstract 640 

Tomatoes (Solanum lycopersicum L.) are the second most economically important 641 

vegetable crop globally, generating $59 billion in 2012. Grafting of tomatoes onto disease 642 

resistant rootstocks is a technique utilized extensively in Asian and European countries to 643 

manage soil-borne diseases and maintain yields under suboptimal growing conditions such as 644 

saline soils, cold soil temperatures, and drought. The use of grafted tomatoes in North 645 

America has grown in the past two decades with the reduction of arable land, expansion of 646 

specialty markets such as organics, and the banning of methyl bromide. While rootstocks 647 

have traditionally been bred and used for their resistance packages to numerous soil-borne 648 

diseases, research has shown that certain rootstocks improve scion yield and vigor in 649 

comparison to non-grafted plants. The objectives of this study were 1) to determine whether 650 

tomato rootstocks ‘Maxifort’ or ‘RST-106’ impart vigor to the scion cultivar Tribute in 651 

comparison to non-grafted ‘Tribute’, 2) determine if marketable yield can be maintained in 652 

grafted plants at reduced nitrogen fertilizer inputs and 3) whether N rate and/or rootstock 653 

influence the uptake of other nutrients. The study was conducted in 2013 and 2014 at the 654 

Sandhills Research Station in Jackson Springs, NC. Plants were grown in an open-field 655 

plasticulture production system. Five rates of nitrogen: 0 kg/ha, 56 kg/ha, 112 kg/ha, 168 656 

kg/ha, and 224 kg/ha were applied via drip to the three different rootstock-scion 657 

combinations. These N values were based on recommended rates of nitrogen application for 658 
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the southeastern US of 224 kg/ha. No significant rootstock by nitrogen fertilizer treatment 659 

was observed for plant height, medium fruit weight and number, large fruit weight and 660 

number, or marketable yield in either year. However, the main effect of rootstock was 661 

significant for marketable yield and large fruit weight in both years. ‘Tribute’ grafted onto 662 

‘Maxifort’ rootstock increased marketable yield 15% and 30% in 2013 and 2014, 663 

respectively, compared to the non-grafted ‘Tribute’. Our findings suggest that certain 664 

rootstocks increase scion vigor resulting in more yield than others though they do not appear 665 

to be more efficient in their use of nitrogen. 666 

Introduction 667 

 The use of grafting in tomato (Solanum lycopersicum L.) production is a practice used 668 

by some commercial growers to reduce losses due to disease and suboptimal soil conditions 669 

(Louws et al., 2010; Rivard and Louws, 2008; Schwarz et al., 2010). While relatively new to 670 

the United States (US), tomato grafting was commercially introduced in Asia during the 671 

1960s, driven primarily by land availability constraints (Kubota et al., 2008; Lee and Oda, 672 

2002). North America has been slow in the adoption of grafted tomatoes in field production 673 

systems due the high cost of grafted seedlings (Kubota et al., 2008). Many Asian and 674 

European countries, on the other hand, have lower labor costs and limited arable land and 675 

thus cannot implement the field rotations necessary to avoid build-up of soil-borne pathogens 676 

(Lee, 1994). However, interest in grafted vegetables has grown in the US after the ban on 677 

agricultural use of the soil fumigant methyl bromide (Kubota et al., 2008).  678 

 Soil fumigants are commonly used pre-plant to manage soil-borne pathogens, weeds, 679 

and insects  (Carpenter et al., 2000). Grafting onto disease-resistant rootstocks has proven to 680 
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be an effective alternative to soil fumigation in managing numerous soil-borne diseases. 681 

Tomatoes are particularly vulnerable to several soil-borne diseases that can be mediated by 682 

grafting including: Southern Blight (Sclerotium rolfsii), root-knot nematodes (Meloidogyne 683 

spp.), Fusarium spp., and bacterial wilt (Ralstonia solanacearum) in grafted tomatoes  684 

(Besri, 2001; Louws et al., 2010; Peregrine and bin Ahmad, 1982; Rivard and Louws, 2008; 685 

Tikoo et al., 1979).  686 

 While the main impetus for using grafted tomatoes has been the rootstock-imparted 687 

disease resistance, researchers have also noted increased tolerance to a number of abiotic 688 

stresses and enhanced vigor through grafting. Tomatoes grafted onto high-altitude, cold 689 

climate adapted, wild tomato accessions (Solanum habrochaites LA 1777 Humb. & Bonpl., 690 

Sh) had greater shoot development at lower temperatures compared to self-grafted controls 691 

(Venema et al., 2008). Soil salinity caused by limited irrigation and over use of chemical 692 

fertilizers, especially in arid climates, affects around 20% of all irrigated land  (Yamaguchi 693 

and Blumwald, 2005). Under saline conditions, grafted tomatoes have proven more tolerant 694 

and yielded more than non-grafted and self-grafted plants due to ionic exclusion by the 695 

rootstock (Estañ et al., 2005; Martinez-Rodriguez et al., 2008; Santa-Cruz et al., 2001).  696 

Specific combinations of grafted tomatoes have more vigor than non-grafted plants 697 

under favorable conditions without biotic or abiotic stress (Djidonou et al., 2013; Gaytán- 698 

Mascorro et al., 2008; Leonardi and Giuffrida, 2006). Vigor is a broad term and encapsulates 699 

the following plant qualities: increased vegetative growth, early flower development/more 700 

flowering (clusters and flowers per cluster), increased yield, and increased fruit size/quality. 701 

In a three-year greenhouse study of grafted tomato production, plants grafted onto ‘Maxifort’ 702 
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and ‘Vigomax’ rootstocks yielded significantly more than the non-grafted treatment 703 

(Mišković et al., 2008). This increase in yield ranged from 6% to 39% compared to the non- 704 

grafted treatment. While there was a noticeable difference in yield, fruit quality (pH value, 705 

vitamin C content) remained similar to non-grafted controls. Lycopene content, on the other 706 

hand, in plants grafted onto ‘Maxifort’ rootstock was significantly lower than the other 707 

treatments (Mišković et al., 2008). Studies of other grafted solanaceous crops have shown 708 

similar results. Peppers (Capsicum annum L.) grafted onto two bell pepper hybrid rootstocks 709 

(‘Edo’ and ‘Lux’) had significant increases in yield and plant height. Fruit quality (total 710 

soluble solids contents, pH, titratable acidity) was similar when obtained from grafted and 711 

non-grafted plants (Colla et al., 2010).  712 

It should be noted that excessive vigor is not always beneficial. In the case of grafted 713 

tomatoes, excessive vegetative growth can slow flower initiation and reduce fruit production. 714 

Field grown grafted tomatoes in Mexico showed excess foliage growth that required pruning 715 

to ensure good fruit set (Gaytán-Mascorro et al., 2008). The authors found that if left 716 

unpruned grafted plants had higher leaf area which corresponded to higher level of fruit 717 

abscission compared to pruned plants. Pruning reduced overall plant size but it increased 718 

plant photosynthetic efficiency, which is a function of photo-assimilate allocation into 719 

developing fruit.  720 

One reason for increased vigor may be due to grafted tomatoes being more efficient 721 

in their nutrient uptake and use. Research into nutrient use efficiency has focused particularly 722 

on nitrogen. Nitrogen is arguably the most important plant nutrient applied. Though its role 723 

in agricultural and human development is apparent (Smil, 1991), overuse of nitrogen 724 
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fertilizer has been linked to environmental degradation. Nitrogen fertilizers can be easily 725 

leached out of soils, eventually making their way into waterways, and has been shown to 726 

contribute to eutrophication (Rabalais and Turner, 2001). Nitrate fertilizer also contributes to 727 

rising concentrations of nitrous oxide, a powerful greenhouse gas (Vitousek et al., 2009). 728 

Increasing a crop’s nitrogen uptake and use efficiency means less nitrogen need be applied 729 

while maintaining normal yields. Consequently, less nitrogen would be lost due to leaching, 730 

reducing both the environmental impact and overall cost.  731 

 Though research in nitrogen uptake and use efficiency (NUE) in grafted tomatoes is 732 

limited, the results appear to be consistent. In one greenhouse experiment, Leonardi and 733 

Giuffrida (2006) compared yield and tissue nutrient content of self-grafted ‘Rita’ F1 tomato 734 

plants with ‘Rita’ F1 grafted onto three rootstocks: ‘Beaufort’, ‘Energy’, and ‘PG3’. 735 

‘Beaufort’-grafted plants were more vigorous, producing more biomass, fruit number, and 736 

overall yield, than the self-grafted and two other grafted rootstock varieties. Tissue nutrient 737 

content was also higher in ‘Beaufort’-grafted plants, particularly sulfur, calcium, and 738 

phosphorous. ‘Beaufort’-grafted plants yielded as much as 30% more than the other cultivars, 739 

yet there was no appreciable difference between the self-grafted and two other rootstock 740 

grafted cultivars. These results seem to point to specific rootstocks being more vigorous than 741 

others.  742 

 Djidonou et al. (2013) conducted a two-year field study investigating water and NUE 743 

in grafted and non-grafted tomatoes. The authors used ‘Florida 47’ as their non-grafted 744 

control as well as the scion on two rootstocks: ‘Beaufort’ and ‘Multifort’. Both rootstock 745 

grafted cultivars had significantly higher marketable yields than the non-grafted control both 746 
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years; however, there was no difference between the two rootstocks in the absence of disease. 747 

Compared to the non-grafted control, the rootstock-grafted cultivars were more efficient in 748 

their use of water and nitrogen available to them through drip irrigation and each rootstock 749 

required increased levels of N application for optimal yields. 750 

 These two studies demonstrate that certain scion-rootstock combinations lead to 751 

increased nitrogen uptake and use efficiency in grafted tomatoes. Plants with higher nitrogen 752 

use and uptake efficiency can reduce the amount of fertilizer used. While grafted plants 753 

appear to be more nitrogen use efficient, they are significantly more expensive than non- 754 

grafted plants (Kubota et al. 2008). The authors conducted a survey and found prices of non- 755 

grafted tomato seedlings in the US ranged from $0.03 to $0.40 per seedling, excluding seed 756 

costs. Grafted plants cost between $0.60 to $0.90, once again excluding seed cost, which in 757 

the case of grafted plants, would be double that of non-grafted plants.  In order for grafting to 758 

be a viable method of integrated pest management programs, other benefits to the use of 759 

grafted plants need to be explored. 760 

This study was conducted to determine the nitrogen uptake and use efficiency of 761 

field-grown grafted tomatoes grown using commercial plastic mulch and drip irrigation 762 

production practices in North Carolina. The main goals of this study were 1) to determine if 763 

grafted tomatoes are more vigorous than non-grafted plants and 2) whether levels of nitrogen 764 

can be reduced while still maintaining satisfactory marketable yields.  765 

Materials and Methods 766 

Field research with grafted tomatoes was conducted over a two-year period in 2013 767 

and 2014. The determinate tomato cultivar Tribute (Solanum lycopersicum L.; Sakata Seed, 768 
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Morgan Hill, CA);(T) was used as the non-grafted control or grafted onto the following 769 

rootstock cultivars: Maxifort (S. lycopersicum L. × S. habrochaites S. Knapp and D. M. 770 

Spooner; De Ruiter, St. Louis, Missouri);(M/T), RST-106 (S. lycopersicum L. × S. 771 

habrochaites S. Knapp and D. M. Spooner; DP Seeds, Yuma, AZ);(R/T).  The rootstock 772 

cultivars used were determined by the Solanaceous vegetable grafting working group of the 773 

USDA NIFA-SCRI grant 2011-51181-30963.  ‘Maxifort’ was chosen for its widespread use 774 

and availability whereas ‘RST-106’ was chosen for its disease package and vigor (J. 775 

Freeman, University of FL, personal communication, February 8, 2013). 776 

All grafting was conducted on North Carolina State University (NC State) campus 777 

(Raleigh, NC). Both rootstocks and scion were seeded in 72-cell plug trays (T.O. Plastics, 778 

Clearwater, MN) and filled with Carolina’s Choice Specially Formulated Peat-Lite Tobacco 779 

Mix (Carolina Soil Company, Kinston, NC). In 2013 ‘Maxifort’ was seeded on April 17 780 

whereas ‘Tribute’ and ‘RST-106’ were seeded two days later on April 19. Due to its 781 

relatively slow germination compared to the other two cultivars, ‘Maxifort’ was seeded 782 

earlier as a means to ensure homogeneity in hypocotyl diameter for grafting. A second 783 

seeding of ‘Tribute’ occurred on April 26 to serve as the non-grafted control. The one-week 784 

delay of seeding the non-grafted control ensured that grafted and non-grafted plants were 785 

similar in size at the time of transplanting by taking into account the one-week healing period 786 

of grafted plants. Seedlings were grown in a heated air-inflated double-layer polyethylene 787 

greenhouse (23.9°C-29.4°C) in NC State’s Horticultural Field Laboratory. Temperatures 788 

were maintained above 23.9 °C with a gas-fired heating unit (Modine model 6-601. 789 

HummertTM, Springfield, MO). Evaporative cooling (Kool-Cel® Aluminum PDR system, 790 
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10.2 cm cellulose pad; Acme Engineering & Manufacturing Corp., Mukogee, OK) was used 791 

to maintain temperatures within the greenhouse below 29.4 °C. Liquid fertilizer was applied 792 

once, seven days after germination with a 200 ppm concentration of Peters® Professional 20- 793 

10-20 Peat-Lite Special® (The Scotts Co., Marysville, OH). Grafting occurred on May 1 794 

when seedlings had four true leaves and a hypocotyl diameter of approximately 2.0 mm. The 795 

tube-grafting technique (Rivard and Louws, 2006) was employed and plants were placed in a 796 

healing chamber for one week until the graft wound was completely healed. The healing 797 

chamber was located within the Marye Anne Fox Science Teaching Laboratory (Raleigh, 798 

NC) propagation greenhouse. A 3.1 m x 1.2 m area portion of a mist bench with external 799 

frames was draped with four layers of 50% black knitted shade cloth (DeWitt Co., MO). Mist 800 

with an average droplet size of 65 microns (CoolNet Pro Fogger, output ~7.5-14mL/nozzle 801 

unit/mist event, NetafimTM, Fresno, CA) from nozzles suspended 45 cm above plants was 802 

applied every four minutes for a duration of 6 seconds maintaining a relative humidity of 803 

95% or higher. After 24 hours in the healing chamber a single layer of shade cloth was 804 

removed each consecutive day thereafter. Once healed, the grafted tomatoes were placed in 805 

an unheated plastic high tunnel without shading where temperatures ranged from 15.6°C to 806 

32.2°C for one week to harden off prior to being transplanted in the field. 807 

In 2014, ‘Maxifort’ was seeded on March 20, whereas ‘RST-106’ and ‘Tribute’ were 808 

seeded March 22. Non-grafted ‘Tribute’ were seeded one week later on March 29 and 809 

grafting occurred April 17 using the same method described in 2013. 810 

 811 

 812 
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Field Design 813 

The field study was conducted at the Sandhills Research Station in Jackson Springs, 814 

North Carolina (35°14’51.591” N, 79°43’22.657” W). This location was chosen due the 815 

deep, low fertility mineral soils. The soil was classified as CaB-Candor Sands (Kleiss, 1983) 816 

and soil test results showed a CEC of 3.6, humic matter was 0.76%, and a weight to volume 817 

ratio of 1.4 g/cm3 (Table A-1.1). Prior to bedding, an initial broadcast application of 0-0-60 at 818 

224.0 kg/ha was incorporated into the field. Twelve 43.9 m long rows with 1.5 m row centers 819 

were bedded and 0.91 Liter/hour drip tape (Netafim Irrigation, Fresno, CA) was laid down 820 

2.5 cm below the soil surface prior to being covered with black plastic mulch (0.7 mm black 821 

polyethylene mulch, 152.4 cm-wide, Berry Hill Drip Irrigation, Buffalo Junction, VA).  A 822 

1.9 cm polyethylene round hose (The Toro Company, Bloomington, MN) was placed 823 

perpendicular to the drip tape at the end of the field. Drip tape was attached with valves to 824 

the polyethylene round hose at the irrigation break allowing for independent fertigation of 825 

each row. The two outside rows (rows 1 and 12) were designated as border rows to reduce 826 

any possible edge effect on the internal ten rows. In 2013, irrigation occurred daily using an 827 

automatic timer that ran for 60 minutes. In 2014, this time was reduced to 45 minutes to 828 

avoid potential fertilizer loss due to leaching 829 

In 2013 the field was set up in a split-plot design with two replications. Each 830 

replication contained five 43.9 m-rows that were fertigated with a liquid 19-0-0 NH4NO3 831 

fertilizer (Liberty Acres Fertilizer Corporation, SC) at one of the five nitrogen treatments (the 832 

whole-plot factor). In 2014 the polyethylene round hose was laid down in the middle of the 833 

field such that four replication blocks composed of five 23.47 m-rows. One row in each 834 
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replication was fertigated with a designated nitrogen fertilizer treatment. Nitrogen treatments 835 

were based off of the recommended rate (RR) of 224 kgN/ha for tomatoes grown in the 836 

southeastern US (Kemble et al., 2013). The five treatments were: 0 kgN/ha (0% RR), 56 837 

kgN/ha (25% RR), 112 kgN/ha (50% RR), 168 kgN/ha (75% RR), and 224 kgN/ha (100% 838 

RR). 839 

 In 2013 each row was divided into six 4.9 m-plots with a 1.2 m buffer separating 840 

each plot. Within a row, the three grafting treatments were designated at random for the first 841 

three plots, then once more for the second three plots. In 2014 each of the 23.5 m-rows were 842 

divided into three plots and each plot was planted with one of the three grafted treatments. 843 

Both designation of fertilizer treatments and grafting treatments were chosen at random using 844 

a random number generator in Excel 2011. Eight plants of the chosen grafted treatment were 845 

transplanted by hand into the respective plot at a between-plant spacing of 0.6 m. In 2013 846 

plants were transplanted May 29, in 2014 plants were transplanted May 8. The discrepancy in 847 

dates is due to plant death during the healing process in 2013 and subsequent reseeding and 848 

grafting on dates identified above, thus delaying the transplant date by nearly one month. 849 

Fertigation began seven days after transplant (DAT) in both 2013 and 2014. 850 

Subsequent fertigation occurred biweekly in 2013 and weekly in 2014. Plants were staked 851 

and tied throughout the season to prevent plants and fruit from touching the ground (Kemble 852 

et al., 2013). 853 

Data Collection 854 

Plant height was measured using a meter stick placed on the soil surface at the base of 855 

the plant and to the tallest growth point of three subsamples (plants 2, 4, and 6) per plot.  856 
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Measurements were taken 7, 14, 20, 28, 35, and 42 DAT in 2013. In 2014 the measurements 857 

were taken at 14, 21, 28, 35, 42, and 49 DAT. 858 

The newest fully opened leaf from each of the eight plants was sampled for tissue 859 

nutrient analyses (Waters Agricultural Laboratories, Camilla, GA). All eight leaves were 860 

placed in a paper bag, labeled, and oven dried (Thelco laboratory ovens, Thermo Fisher 861 

Scientific Inc. Waltham, MA) at 75°C for 48 hours. Samples were sent to Waters 862 

Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. Three samples 863 

were taken throughout the growing season at 27 DAT, 71 DAT, and 86 DAT, 2013. These 864 

three dates corresponded with the peak of anthesis, the beginning of harvest, and following 865 

the final harvest, respectively. In 2014, the three samples were taken 49 DAT, 63 DAT, and 866 

98 DAT. 867 

Harvest began at 71 DAT in 2013 and occurred weekly for three weeks. In 2014, 868 

harvesting occurred 63, 77, 85, 91, and 98 DAT. Mature fruit were harvested at breaker stage 869 

(when the blossom end shows at least some light pink coloration). All fruit were harvested 870 

from the inner six plants to avoid any edge effect associated with the first and eighth plants. 871 

Fruit were hand sorted by diameter into three grades: culls (<4.8 cm), regular (between 4.8 872 

cm and 7.3 cm), and jumbo (>7.3 cm). These grades were based on grading size values for 873 

the southeastern United States (Ivors, 2010). Additionally, any fruit that were damaged due 874 

to disease, physiological disorders, and insect pests were considered culls. All three grades 875 

were sorted, weighed individually and recorded. Fruit number for regular and jumbo grades 876 

were also recorded.  877 
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After the final harvest, six plants were chosen at random and their roots were checked 878 

for any galling or signs of disease. 879 

Data Analysis 880 

All data were analyzed using SAS version 9.3 (SAS Institute Inc., Cary, NC). Plant 881 

height and tissue nutrient analysis were analyzed as repeated measures using PROC MIXED. 882 

The 2013 tissue analysis was analyzed as a split-split-split plot design due to the presence of 883 

subsampling.  Analysis of data containing subsampling as a split-split-split plot design is 884 

analogous to a repeated measures with compound symmetry.  Harvest data were analyzed 885 

using PROC MIXED. Nitrogen fertilizer effect on yield was analyzed as a regression using 886 

PROC MIXED. The initial model tested for a quadratic relationship between nitrogen 887 

fertilizer and yield; however, the quadratic model did not provide a significant improvement 888 

(F1,14=0.03, p > 0.05) over the linear model (F1,15 = 9.84, p < 0.01) in 2013. In 2014, the 889 

quadratic model again did not provide a significant improvement (F1,14 = 0.34, p > 0.05) over 890 

the linear model (F1,15 = 7.09, p < 0.05). Residual plots were studied for any violation of the 891 

assumptions in ANOVA such as heterogeneity and outliers. No violations of these 892 

assumptions were found and the data were analyzed without the need for transformation. The 893 

post-hoc Tukey-Kramer method of multiple comparisons was employed for all data. The 894 

Danda macro (Saxton, 1998) was utilized to create letter groupings following means 895 

separation with the Tukey-Kramer procedure within PROC MIXED.  896 

The 2013 season was wetter and cooler than 2014 which was much drier and hotter 897 

(Appendix Table A-1.2). Because the alteration of field set up between years (environmental 898 
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conditions differed substantially, as well as fertigation frequency being biweekly the first 899 

year and weekly the second year), data from the two years were not combined for analysis.  900 

 901 

Results 902 

Plant Height  903 

2013.  There was no interaction between rootstock and nitrogen fertilizer treatment on plant 904 

height; however, the main effect of rootstock was significant (Table 1.1). Fertigation began 7 905 

DAT, which coincides with the first date of plant height data collection. There was no 906 

difference in plant height between rootstocks at 7 DAT (Table 1.2). However, at 14 DAT, 907 

both the non-grafted ‘Tribute’ (T) and ‘Tribute’ grafted onto ‘Maxifort’ rootstock (M/T) 908 

were taller than ‘Tribute’ grafted onto ‘RST-106’ rootstock (R/T) plants. At both 21 DAT 909 

and 28 DAT, T was taller than both grafted varieties, however no difference was measured 910 

between the M/T and R/T. At 35 DAT all rootstocks were similar height, while at 42 DAT 911 

M/T was significantly taller than both R/T and T, with no difference observed between the 912 

latter two.  913 

2014. As in 2013, there was no significant interaction between rootstock and nitrogen 914 

fertilizer treatment but the main effect of rootstock was significant (Table 1.1). At 14 DAT 915 

there was no difference between R/T and T, however M/T was tallest compared among all 916 

three treatments (Table 1.2). At 21 DAT there was no difference in height between M/T and 917 

T, whereas R/T was shorter than non-grafted scion (T) and M/T. R/T remained shorter than T 918 

at 28 DAT, with M/T height being in between the two treatments. From 35 DAT until the last 919 

day of data collection, 49 DAT, there were no significant differences between rootstocks.  920 
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 921 

 922 

Harvest 923 

2013.  There was no significant interaction between rootstock and nitrogen fertilizer 924 

treatment for any of the yield measurements (Table 1.3). However, the main effect of 925 

rootstock was significant for both jumbo fruit weight and marketable fruit weight. 926 

Additionally, the main effect of nitrogen fertilizer treatment was significant for marketable 927 

fruit weight. M/T yielded 25,003.4 kg/ha of jumbo fruit, with R/T slightly lower (though not 928 

significant) at 20,000.0 kg/ha, and finally T with 19,418.8 kg/ha – significantly less than M/T 929 

(Table 1.4). Though differences in rootstock jumbo fruit weight were significant, jumbo fruit 930 

count was not (Table 1.3). Both R/T and T marketable fruit weights were similar; however, 931 

M/T yielded over 7,500 kg/ha more in marketable fruit than both R/T and T (Table 1.4). 932 

Marketable fruit from M/T were larger than R/T and T. The main effect of nitrogen fertilizer 933 

treatment was significant on marketable fruit weight. Marketable yield increased linearly 934 

with increasing rates of nitrogen fertilizer for all three rootstocks (Figure 1.1). Additionally, 935 

there was a significant difference between rootstocks (F2,36 = 6.36, p < 0.01) with M/T 936 

yielding more than both R/T and T at all nitrogen levels and the latter two responding nearly 937 

identically to increased nitrogen rates. 938 

2014.  Similar to 2013, there was no significant interaction between rootstock and nitrogen 939 

fertilizer treatment for any of the yield measurements (Table 1.3). However, the main effect 940 

of rootstock was significant for medium fruit weight, medium fruit count, jumbo fruit weight, 941 

jumbo fruit count, marketable fruit weight, and marketable fruit count. M/T and R/T yielded 942 
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23,979.8 kg/ha and 23,358.3 kg/ha of medium grade fruit, respectively (Table 1.5). These 943 

two rootstock cultivars were not significantly different from one another, however both were 944 

significantly higher than T, which yielded 19,499.4 kg/ha of medium grade fruit. Similarly, 945 

both M/T and R/T had nearly identical medium fruit count and both were significantly higher 946 

than T. M/T yielded the most jumbo fruit (3,934.8 kg/ha), significantly more than T at 947 

1,926.8 kg/ha. Jumbo fruit weight for R/T was intermediate to both M/T and T at 3,046.3 948 

kg/ha. Both M/T and R/T jumbo fruit counts (15,977.7 and 12,911.2 fruit/ha, respectively) 949 

were greater than T at 8,069.5 fruit/ha. Marketable fruit weight for R/T was slightly less, 950 

though not significant, while marketable fruit weight for T was lower than both R/T and 951 

M/T. Marketable fruit count followed the same trend with M/T and R/T, both significantly 952 

greater than T. 953 

 As in 2013, a significant positive linear relationship was observed between rootstock 954 

and nitrogen fertilizer treatment on marketable yield (Figure 1.1). Significant differences 955 

were measured between rootstocks (F2,36 = 10.88, p < 0.001). Similar to 2013, M/T yielded 956 

more than both R/T and T; however, in 2014 R/T was intermediate to the two rootstocks.   957 

 There was no challenge from soil-borne diseases as the six plants showed no signs of 958 

root damage or galling. 959 

Leaf Tissue Nutrient Analysis 960 

2013. The main effect of nitrogen fertilizer treatment was significant for iron content whereas 961 

the main effect of rootstock was significant for both copper and magnesium content (Table 962 

1.6). The main effect of DAT was significant for boron, copper, iron, magnesium, 963 
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phosphorus, and zinc content, while there was a significant interaction between DAT and 964 

nitrogen fertilizer treatment on calcium, potassium, manganese, nitrogen, and sulfur.  965 

 Iron content increased with increasing nitrogen rate (Table 1.7). However, the 966 

exception was the 168 kg/ha nitrogen fertilizer treatment which resulted in the lowest  iron 967 

level (89.3 ppm) and is significantly lower than values at both 111 kg/ha (96.8 ppm) and 224 968 

kg/ha (97.1 ppm).  969 

 Copper content was highest in M/T (19.2 ppm), significantly higher than R/T (17.9 970 

ppm), but not different from T (18.9 ppm) (Table 1.8). The opposite effect was seen with 971 

magnesium concentrations with M/T having the lowest value (0.67%), significantly lower 972 

than the value for R/T (0.71%), but not different from T (0.69%). 973 

 Copper, magnesium, phosphorus, and zinc levels decreased with increasing DAT 974 

(Table 1.9). A similar trend was seen in iron content; however, there was no significant 975 

difference between values at 71 DAT and 86 DAT (88.9 ppm and 85.6 ppm, respectively). 976 

Boron exhibited a significant drop between 27 DAT (24.4 ppm) and 71 DAT (15.0 ppm), 977 

followed by a significant increase at 86 DAT (20.0 ppm).  978 

 At 27 and 71 DAT there were no significant differences in calcium, potassium, 979 

manganese, nitrogen, or sulfur contents at any of the different nitrogen fertilizer treatments 980 

(Table 1.10). The only exception was potassium at 71 DAT, which had it’s lowest value at 0 981 

kg/ha nitrogen (1.32%), significantly lower than the values of 56 kg/ha (1.54%), 112 kg/ha 982 

(1.63%), and 224 kg/ha (1.56%). At 168 kg/ha nitrogen, the potassium value was 1.39% 983 

which was significantly lower than that obtained at 112 kg/ha, but not any other fertilizer 984 

treatment. At 86 DAT the highest value of calcium was for plants receiving 0 kg/ha nitrogen 985 
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(3.01%), significantly more than when higher levels of nitrogen were applied. Potassium 986 

values were lowest at 168 kg/ha nitrogen (1.00%), significantly lower than those values at 987 

112 kg/ha (1.23%) and 224 kg/ha (1.21%). Though not seen at 27 DAT or 71 DAT, wide 988 

spread values for manganese content in response to nitrogen treatment was measured at 86 989 

DAT. The highest value was 91.8 ppm at 56 kg/ha nitrogen. Though not significantly 990 

different, the next highest value was 84.3 ppm at 224kg/ha. The lowest value was at 0 kg/ha 991 

nitrogen (61.3 ppm), followed by 168 kg/ha (66.3 ppm). As with calcium, the highest sulfur 992 

content was obtained at 0 kg/ha (0.52%), significantly higher than at 56 kg/ha (0.40%) and 993 

224 kg/ha (0.38%) nitrogen rates. 994 

Nitrogen values were at their highest at 224 kg/ha (4.09%), though not different from 995 

the 56 kg/ha treatment (4.04%) (Table 1.10). The lowest nitrogen content was obtained at 0 996 

kg/ha fertilizer (3.17%).  997 

2014. The main effect of nitrogen fertilizer treatment was significant on sulfur content. As in 998 

2013 (Table 1.6), copper content was significantly affected by the main effect of rootstock 999 

(Table 1.6). The main effect of DAT was significant on copper, iron, nitrogen, and 1000 

phosphorus content. The interaction of DAT and fertilizer treatment was significant for 1001 

boron, calcium, magnesium, manganese, and zinc content. Lastly, potassium content was 1002 

significantly affected by the interaction of DAT and rootstock.  1003 

 Sulfur content decreased with increasing nitrogen rate (Table 1.11). The highest 1004 

values (0.48%) were at 0 kg/ha and 56 kg/ha nitrogen. The highest amount of nitrogen 1005 

applied (224 kg/ha) led to the lowest sulfur content (0.37%).  1006 
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 Copper content was significantly affected by rootstock (Table 1.12). The response in 1007 

2013 (Table 1.8) was also seen in 2014 (Table 1.12) with R/T having the lowest copper 1008 

content and no difference between M/T and T.  1009 

 The highest values of phosphorus and nitrogen occurred at 49 DAT (0.48% and 1010 

5.43%, respectively) (Table 1.13). Both values dropped considerably at 63 DAT (0.26% and 1011 

4.55%, respectively) but then increased significantly at 98 DAT (0.44% and 4.89%); 1012 

however, they were still lower than the values at 49 DAT. Copper content dropped between 1013 

49 DAT and 63 DAT (29.9 ppm and 20.2 ppm, respectively) but increased to 28.5 ppm at 98 1014 

DAT. Iron values at 49 DAT were 151.0 ppm, they then dropped to 93.9 ppm at 63 DAT. At 1015 

98 DAT iron values increased dramatically to 230.2 ppm, significantly greater than values at 1016 

49 DAT and 63 DAT. 1017 

 The values of boron, calcium, magnesium, manganese, and zinc were not 1018 

significantly different between nitrogen fertilizer treatments at 49 DAT (Table 1.14). This 1019 

trend was also seen in 2013 (Table 1.10). Values for boron did not differ due to nitrogen 1020 

fertilizer treatment at 63 DAT; however, at 98 DAT the 224 kg/ha nitrogen fertilizer 1021 

treatment had the lowest boron content (17.9 ppm) compared to the 0 kg N/ha (22.5 ppm), 56 1022 

kgN/ha (22.0 ppm), and 112 kgN/ha treatments (22.4 ppm). Manganese values were 1023 

significantly different at 63 DAT with the lowest values observed at 56 kgN/ha (35.3 ppm) 1024 

and 112 kgN/ha (35.6 ppm) treatments. The highest level of magnesium was obtained at the 1025 

0 kgN/ha treatment (49.2 ppm). At 98 DAT there was no difference in manganese content for 1026 

any of the nitrogen fertilizer treatments. Values for zinc at 63 DAT showed a precipitous 1027 

drop from the values obtained at 49 DAT except for the 0 kgN/ha treatment (32.8 ppm), 1028 
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which was significantly higher than all other nitrogen fertilizer treatments at 63 DAT. At 98 1029 

DAT zinc values were similar to the 0 kgN/ha treatment at 49 DAT and no significant 1030 

differences were measured between treatments. Magnesium content dropped over time (49 to 1031 

98 DAT). When considering nitrogen treatments at specific DAT, regardless of nitrogen 1032 

treatment, the amount of magnesium at 63 DAT was highest in the 0 kg/ha nitrogen treatment 1033 

(0.92%). 1034 

  Calcium content at 63 DAT was highest at 0 kg/ha nitrogen (2.3 ppm), with no 1035 

difference seen between any of the other nitrogen fertilizer treatments. At 98 DAT all 1036 

calcium content values were reduced compared with the 63 DAT. No differences were found 1037 

between the nitrogen fertilizer treatments at 98 DAT. 1038 

 The interaction of rootstock and DAT was significant for potassium content (Table 1039 

1.15). Values of potassium decreased between 49 DAT and 63 DAT but no significant 1040 

difference was observed between cultivars at each DAT. At 98 DAT these values increased. 1041 

Non-grafted ‘Tribute’ had higher potassium content (2.26%) compared to R/T (1.99%), with 1042 

potassium content for M/T (2.13%) being intermediate. 1043 

Discussion 1044 

The goal of this two-year study was to measure the impact of rootstock on scion fruit 1045 

production at varied nitrogen application rates in conditions lacking soil-borne diseases.  1046 

Grafting tomatoes onto rootstocks of known resistance to certain soil-borne diseases is an 1047 

effective means of managing a number of economically damaging diseases  (Besri, 2001; 1048 

Louws et al., 2010; Peregrine and bin Ahmad, 1982; Rivard and Louws, 2008; Rivard and 1049 
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Louws, 2010; Tikoo et al., 1979). However, limited information is available on the 1050 

production of grafted tomato plants in conditions where disease is not present.  1051 

Leonardi and Giuffrida (2006) compared grafted tomato plant height values at the end 1052 

of the growing cycle, which was 194 DAT. At this point they found that ‘Rita’ F1 grafted 1053 

onto ‘Beaufort’ rootstock was significantly taller than ‘Rita’ F1 grafted onto ‘PG3’ and 1054 

‘Energy’ rootstocks as well as a self-grafted Rita’ F1 control. Their work showed that 1055 

vegetative vigor associated with grafting is not the same for all rootstocks  (Leonardi and 1056 

Giuffrida, 2006). Our results are similar to this study, though we also took plant height 1057 

readings throughout the season. In 2013 M/T was significantly taller than both R/T and T, 1058 

indicating increased vegetative vigor with ‘Maxifort’ rootstock. 1059 

Very limited data are published regarding ‘RST-106’ rootstock other than an open- 1060 

field study aimed at screening for bacterial wilt resistance (Paret et al., 2011). No research 1061 

has focused on any vigor associated with this rootstock. ‘Maxifort’ rootstock, on the other 1062 

hand, has been more extensively investigated. ‘Maxifort’ and ‘Beaufort’ rootstocks comprise 1063 

the majority of commercially utilized rootstocks in the US  (King et al., 2010). ‘Maxifort’ is 1064 

considered a vigorous rootstock and has been shown to increase vegetative matter in the form 1065 

of increased leaf area and leaf fresh weight compared to non-grafted plants  (Di Gioia et al., 1066 

2010). Though Di Gioia et al. did find an increase in vegetative matter with ‘Maxifort’- 1067 

grafted plants, they did not find any significant difference in total plant height between any of 1068 

the grafted and non-grafted varieties. It appears that ‘Maxifort’ increases the canopy density 1069 

or bushiness of the plant, and not necessarily the vertical plant height. However, this 1070 

increased vegetative matter is not necessarily a benefit (Gaytán-Mascorro et al., 2008). 1071 
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Gaytán-Mascorro et al. similarly found ‘Maxifort’ rootstock to increase leaf area and 1072 

bushiness, however they noted a correlation between this characteristic and increased fruit 1073 

abscission. They reported that increased canopy growth associated with ‘Maxifort’ rootstock 1074 

and that vegetation must be kept under control through leaf pruning regimes to maximize 1075 

photosynthetic efficiency for fruit production.  1076 

Plants were considerably shorter in 2014 than in 2013. The last date of plant height 1077 

data collection in 2013 was 42 DAT at which point plants were between 73.5 cm and 77.6 1078 

cm. In 2014 data collection were made one week longer, to 49 DAT, and the plants only 1079 

reached between 64-66 cm in height. This seasonal difference in plant height may be due to 1080 

increased abiotic stress caused by higher temperatures. In 2013 plants were transplanted in 1081 

late May and thus data collection for plant height occurred during the months of June and 1082 

July. Precipitation during these two months was 36.0 cm and 46.3 cm, respectively 1083 

(Appendix Table A-1.2). Light intensity was reduced during these two months due to the 1084 

cloudy conditions with average PAR values of 482.66 μmols-1m-2 and 442.45 μmols-1m-2. 1085 

In 2014 plants were transplanted in early May and plant height data were collected during the 1086 

months of May and June. Precipitation during these two months was a fraction of that seen in 1087 

2013 (10.9 cm in May-14, 1.73 cm in June-14). These dryer, clearer days led to increased 1088 

average PAR compared to 2013 (564.49 μmols-1m-2 in May-14 and 574.22 μmols-1m-2  in 1089 

June-14).  1090 

Tomatoes are sensitive to changes in soil moisture content  (Waister and Hudson, 1091 

1970). Compared to plants receiving adequate moisture, tomatoes grown under water 1092 

stressed conditions show both a reduction in plant height and overall rate of plant growth 1093 
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(Gladden et al., 2012). Drought stress has also been shown to reduce photosynthetic 1094 

efficiency (Reddy et al., 2004). Reduction of stomatal conductance is due to stomatal closure 1095 

under water-stressed periods, limiting the amount of internal CO2. Compounding the issue 1096 

further is the creation of reactive oxidative species due to an imbalance between photon 1097 

capture and photosynthetic utilization  (Foyer and Noctor, 2003; Reddy et al., 2004). 1098 

Tomatoes grown under shadier conditions show increased plant height compared to those 1099 

receiving full sun  (Okunlola and Adelusi, 2014). Accordingly, the increased plant height in 1100 

2013 could be due to the cloudier conditions with increased water availability compared to 1101 

the sunnier, drier conditions of 2014 (Appendix Table A-1.2).  1102 

Very few rootstock-mediated differences in tissue nutrient content were seen in either 1103 

2013 or 2014. The majority of significant differences seen in tissue nutrient content were due 1104 

to the effect of time (DAT). Mobilization of mineral nutrients is dependent upon the strength 1105 

of the nutrient sink. As fruit production increases the demand for nutrients in the fruit greatly 1106 

outweighs that of the leaves  (Weaver and Johnson, 1985). The three dates of tissue sampling 1107 

coincided with peak anthesis, beginning of harvest, and final harvest when all fruit were 1108 

stripped from the plant. Consequently, a large drop in mineral content was seen between peak 1109 

anthesis and the beginning of harvest in both 2013 and 2014 (Table 1.9 and Table 1.13). This 1110 

is most likely due to the increased sink strength of the ripening fruit, which has been 1111 

demonstrated to be a strong sink for remobilized nutrients such as nitrogen and potassium 1112 

(Rose et al., 2008). Nutrient values continued to decline in 2013 post-harvest as the plants 1113 

started to senesce due to the determinate cultivar having completed fruit production. In 2014 1114 
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these values increased at post-harvest, most likely due to freedom from the strong nutrient 1115 

sink of fruit development. 1116 

The main effect of rootstock was significant on copper content. In both years R/T had 1117 

the lowest copper content (Table 1.8 and Table 1.12). Our findings are in agreement with 1118 

those of Savvas et al. (2009) who found that certain rootstocks were better at reducing the 1119 

amount of copper transferred to the vegetation. In their experiment, tomatoes with ‘He-man’ 1120 

rootstocks had significantly less copper in leaf tissue than self-grafted controls. Under 1121 

conditions lacking in this microelement, reduction in copper uptake can be deleterious 1122 

(Rhoads et al., 1989). However, in soils with very high levels of copper, this reduced copper 1123 

uptake may prove beneficial as high soil copper levels can be toxic to tomatoes. 1124 

In 2013 there was a significant difference in magnesium content between rootstocks; 1125 

however, no difference was noted when comparing the non-grafted control with either 1126 

rootstocks (Table 1.8). Leonardi and Giuffrida (2006) found no significant difference in 1127 

magnesium content between any of the grafted cultivars and self-grafted control. However, 1128 

they did find that the less vigorous ‘PG3’ rootstock had slightly higher magnesium content 1129 

compared to the more vigorous ‘Beaufort’ rootstock, though these differences were not 1130 

significant.  Our findings were similar in that the more vigorous ‘Maxifort’ rootstock had 1131 

significantly lower magnesium content compared to the less vigorous ‘RST-106’ rootstock. 1132 

Results from Savvas et al. (2009) also agree with vigor and leaf tissue magnesium content. 1133 

Plants with the more vigorous ‘He-Man’ rootstock had lower magnesium content then the 1134 

less vigorous self-grafted plants (Savvas et al., 2009). Conversely, they found the ‘He-Man’ 1135 

rootstock to significantly increase potassium uptake. Though not seen in 2013, in 2014 the 1136 
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more vigorous ‘Maxifort’ rootstock tended to increase the amount of potassium in leaf tissue 1137 

compared to ‘RST-106’ (Table 1.15).  1138 

The interaction of rootstock and nitrogen fertilizer treatment was not significant 1139 

during any yield measurement in either year of the study. However, in both years, grafted 1140 

plants with ‘Maxifort’ rootstocks had significantly higher marketable yields than non-grafted 1141 

controls. Marketable yields from ‘RST-106’-grafted tomatoes were significantly less than 1142 

‘Maxifort’-grafted plants in 2013 (Table 1.4). In 2014, though R/T yielded slightly less than 1143 

M/T, this difference was not significant (Table 1.5). The significant boost in yield associated 1144 

with grafting appears to be mainly due to the increased number and weight of jumbo-sized 1145 

fruit. In both years M/T had significantly heavier jumbo-sized fruit than T. Though M/T did 1146 

have significantly more medium grade fruit weight in 2014, the greatest difference was in 1147 

jumbo fruit weight, in which M/T yielded more than twice that of T (Table 1.5). These 1148 

findings are in agreement with that of Djidonou et al. (2013) who found ‘Beaufort’ and 1149 

‘Multifort’ rootstocks increased marketable fruit yield compared to non-grafted plants. Their 1150 

study also examined the interaction of grafted cultivars and different nitrogen fertilizer rates. 1151 

This interaction was only significant in the second year of the two-year study. In the first 1152 

year, marketable yield increased 27% and 30% when using ‘Beaufort’ and ‘Multifort’ 1153 

rootstocks, respectively. In 2014 our results were very similar with marketable yields 1154 

increasing by 23% and 30% when grafting onto ‘RST-106’ and ‘Maxifort’, respectively. The 1155 

similar results observed by Djidonou et al. correlated to the wetter year of their two-year 1156 

study. In 2010 the authors measured 272 mm of total rainfall during the growing season. In 1157 

our study, 290 mm of rainfall was measured during the growing season (Appendix Table A- 1158 
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1.2), though this was considered our dryer year. The second year of Djidonou et al.’s study 1159 

was much drier with a total of 157 mm of rainfall. Only during this very dry weather were 1160 

the authors able to find a significant rootstock by nitrogen fertilizer treatment effect on 1161 

marketable yield. 1162 

Tomato yield response to increasing nitrogen application follows a quadratic-plateau 1163 

model (Ozores-Hampton, et al. 2012). This nitrogen response curve shows a near-linear 1164 

increase in yield at lower rates of nitrogen that eventually plateaus once it reaches a critical 1165 

level of nitrogen (Djidonou et al., 2015; Ozores-Hampton, et al., 2012). Djidonou et al. 1166 

(2015) found that nitrogen response curves for marketable yield in both grafted and non- 1167 

grafted field-grown tomatoes was best explained with a linear-plateau and quadratic-plateau 1168 

model. A linear model best fit the data in both years of our study (Figure 1.1). The 1169 

discrepancies between our best-fit model and that of Djidonou et al. (2015) may be due to 1170 

our study not reaching the critical nitrogen crop nutritional requirements (N-CNR). The 1171 

authors concluded that grafted tomatoes had an increased N-CNR of 239-247 kg N/ha 1172 

compared to 196-197 kg N/ha for non-grafted plants (Djidonou et al., 2015).The highest level 1173 

of N in our study was 224 kg N/ha, which may not have been the N-CNR for the rootstocks 1174 

utilized and the lack of an observed plateau. Though the data were best fit with a linear 1175 

model for the non-grafted plants, yield in both 2013 and 2014 show a slight trend of 1176 

plateauing at the higher levels of N (Figure 1.1), which would agree with the findings of 1177 

Djidonou et al. (2015).  1178 

 1179 

 1180 
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Conclusion 1181 

Grafting tomatoes has proven to be an effective tool to manage a number of 1182 

significant soil-borne diseases. Not only is it suitable for an integrated pest management 1183 

system, but grafting also appears to have additional benefits. Our two-year study indicates 1184 

grafting, specifically with ‘Maxifort’ rootstock, can significantly increase marketable yields. 1185 

These findings are in agreement with a number of studies investigating the effects of grafting 1186 

under disease-free conditions (Colla et al., 2010; Djidonou et al., 2013; Gaytán-Mascorro et 1187 

al., 2008; Leonardi and Giuffrida, 2006; Mišković et al., 2008). Grown in open-field 1188 

conditions in North Carolina’s Sandhills area, grafted tomatoes offer an effective means to 1189 

significantly increase yields, especially larger sized fruits. Future research is needed to 1190 

quantify yield responses from the many commercially available rootstocks. Our studies found 1191 

both rootstocks behaved differently in regards to increasing marketable yield and, while their 1192 

disease resistance packages are known, very little is known about their relative vigor and 1193 

impact on growth and yield. Future studies are warranted to screen other rootstocks for their 1194 

nitrogen use efficiency at levels both below and above the recommended rate. Our study was 1195 

not designed to investigate nitrogen rates above the recommended rate, however Djidonou et 1196 

al. note that grafted tomatoes may in fact utilize fertilizer levels above that of non-grafted 1197 

plants (Djidonou et al., 2015). Research is needed to investigate how grafted plants perform 1198 

at different rates of nitrogen fertilizer under drought, as this may be when the nitrogen use 1199 

efficiency of vigorous rootstocks is most apparent. 1200 

 1201 

 1202 
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Tables 

 

 

Table 1.1. Plant height in field-grown grafted and non-grafted tomatoes  

at five nitrogen fertilizer rates, 2013 and 2014. 

Effect Plant Heightz 

2013  

Rootstocky *w 

Nitrogen Fert. 

Treatmentx  NSv 

Interaction NS 

2014  

Rootstock * 

Nitrogen Fert. 

Treatment NS 

Ineraction NS 
zPlant height (cm) measured from the base of the plant at the soil level to the 

top of the tallest growth point averaged from three plants per plot. 
yRootstock includes ‘Tribute’ non-grafted control, ‘Tribute’ grafted on 

‘Maxifort’ rootstocks, and ‘Tribute’ grafted onto ‘RST-106’ rootstock. 
xNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-

0NH4NO3. 
w* = Significant at P ≤ 0.05 within a year. 
vNS = Not significant at P ≤ 0.05 within a year. 

 

  

 



 

59 

Table 1.2. Main effect of rootstock on plant height in field-grown grafted 

and non-grafted tomatoes, 2013 and 2014. 

 Plant height (cm)z 

 Days after transplanting (DAT) 

Rootstock 7 14 21 28 35 42 49 

2013        

M/Ty 12.9 av 20.2 a 28.2 b 46.2 b 61.1 a 77.6 a  

R/Tx 13.1 a 18.6 b 27.9 b 47.0 b 58.9 a 73.5 b  

Tw 13.7 a 21.0 a 31.3 a 51.2 a 60.8 a 73.5 b  

2014        

M/T  19.5 a 30.4 a  40.4 ab 53.6 a 63.1 a 64.8 a 

R/T  17.7 b 28.4 b 38.9 b 54.2 a 63.5 a 66.2 a 

T  18.2 b 30.1 a 41.4 a 55.0 a 62.2 a 64.8 a 
zPlant height (cm) measured from the base of the plant at the soil level to the 

top of the tallest growth point averaged over three plants per plot. 
yM/T = 'Tribute' scion grafted onto 'Maxifort' rootstock. 
xR/T = 'Tribute' scion grafted onto 'RST-106' rootstock. 
wT = 'Tribute' non-grafted control. 
vMeans separated by rootstock within the same DAT and year by Tukey-

Kramer significant difference, P ≤ 0.05. Means followed by the same letter are 

not significantly different.
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Table 1.3. Type III tests of fixed effects on yield measurements in grafted and non-grafted tomatoes, 2013 and 2014. 

 Yield z 

Effect 

Medium 

Fruity Weight 

Medium 

Fruit Count 

Jumbo 

Fruitx 

Weight 

Jumbo 

Fruit 

Count 

Cullw 

Weight 

Marketable Fruitv 

Weight 

Marketable Fruit 

Count 

2013        

Rootstock NSu NS *t NS NS * NS 

Nitrogen Fert. Treatment NS NS NS NS NS * NS 

Interaction NS NS NS NS NS NS NS 

2014        

Rootstock * * ** ** NS ** * 

Nitrogen Fert. Treatment NS NS NS NS NS NS NS 

Interaction NS NS NS NS NS NS NS 
zYield measurements were taken from the central six plants out of each eight-plant plot. All fruit at the first breaker stage or more mature were 

harvested. 
yMedium fruit was classified as any fruit with a diameter between 4.8 cm and 7.3 cm. 
xJumbo fruit was classified as any fruit with a diameter larger than 7.3 cm. 
wCulls were any fruit with damage due to pests, disease, or with a diameter less than 4.8 cm. 
vMarketable fruit was classified as the combination of medium and jumbo fruit grades. 
uNS = Not significant at P ≤ 0.05. 
t* = Significant at P ≤ 0.05. 
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Table 1.4. Main effect of rootstock on jumbo and marketable yield weight in field-grown grafted and 

non-grafted tomatoes, 2013. 

 Yieldz 

Rootstock 

Jumbo Fruitv Weight  

(kg/ha) 

Marketable Fruitu Weight 

(kg/ha) 

M/Ty                   25003.4 at 58592.4 a 

R/Tx                   20000.0 ab 51059.4 b 

Tw                   19418.8 b 51003.4 b 
zYield measurements were taken from the central six plants out of each eight-plant plot. All fruit at 

the first breaker stage or more mature were harvested. 
yM/T = 'Tribute' scion grafted onto 'Maxifort' rootstock. 
xR/T = 'Tribute' scion grafted onto 'RST-106' rootstock. 
wT = 'Tribute' non-grafted control. 
vJumbo fruit was classified as any fruit with a diameter larger than 7.3 cm. 
uMarketable fruit was classified as the combination of medium and jumbo fruit grades. 
tMeans separated by Tukey-Kramer significant difference, P ≤ 0.05. Means followed by the same 

letter are not significantly different. 
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Table 1.5. Main effect of rootstock on yield measurements in field-grown grafted and non-grafted tomatoes, 2014. 

 Yield z 

 kg/ha  No. fruit/ha 

Rootstock 
Medium Fruitx 

Weight 

Jumbo Fruitv 

Weight 
Marketable Fruitu Weight  

Medium Fruit 

Count 

Jumbo Fruit 

Count 

Marketable 

Fruit Count 

M/Ty 23979.8 at 3934.8 a 27914.9 a  163452.3 a 15977.7 a 179430.7 a 

R/Tx 23358.3 a   3046.3 ab 26404.3 a  163486.8 a 12911.2 a 176400.0 a 

Tw 19499.4 b 1926.8 b 21426.7 b  142561.0 b   8069.5 b 150630.5 b 
zYield measurements were taken from the central six plants out of each eight-plant plot. All fruit at the first breaker stage or more mature were 

harvested. 
yM/T = 'Tribute' scion grafted onto 'Maxifort' rootstock. 
xR/T = 'Tribute' scion grafted onto 'RST-106' rootstock. 
wT = 'Tribute' non-grafted control. 
vJumbo fruit was classified as any fruit with a diameter larger than 7.3 cm. 
uMarketable fruit was classified as the combination of medium and jumbo fruit grades. 
tMeans separated by rootstock within the same yield measurement by Tukey-Kramer significant difference, P ≤ 0.05. Means followed by the 

same letter are not significantly different. 
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Table 1.7. Main effect of nitrogen fertilizer treatment on iron content in 

field-grown grafted and non-grafted tomatoes, 2013. 

Nitrogen Fert. Treatmentz (kg/ha) 

 Iron 

(ppm) 

0    93.5 abx 

56   94.7 ab 

112 96.8 a 

1168 89.3 b 

223.96 97.1 a 
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 

19-0-0NH4NO3. 
yLeaf tissue chemical nutrient content was determined by collecting one 

newly opened leaf from each plant per plot and then oven dried at 75°C for 

48 hours. Samples were sent to Waters Agricultural Laboratories, Inc. 

(Camilla, GA) for a complete nutrient analysis. Three samples were taken 

throughout the growing season at 27 DAT, 71 DAT, and 86 DAT. 
xMeans separated by Tukey-Kramer significant difference, P ≤ 0.05. Means 

followed by the same letter are not significantly different. 
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Table 1.8. Main effect of rootstock on copper and magnesium content in field-grown grafted and non-

grafted tomatoes, 2013. 

Rootstock 

Copperz 

(ppm) 

Magnesium 

(%) 

M/Ty  19.2 av 0.67 b 

R/Tx 17.9 b 0.71 a 

Tw  18.9 ab   0.69 ab 
zLeaf tissue chemical nutrient content was determined by collecting one newly opened leaf from each 

plant per plot and then oven dried at 75°C for 48 hours. Samples were sent to Waters Agricultural 

Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. Three samples were taken 

throughout the growing season at 27 DAT, 71 DAT, and 86 DAT. 
yM/T = 'Tribute' scion grafted onto 'Maxifort' rootstock. 
xR/T = 'Tribute' scion grafted onto 'RST-106' rootstock. 
wT = 'Tribute' non-grafted control. 
vMeans separated by Tukey-Kramer significant difference, P ≤ 0.05. Means followed by the same 

letter are not significantly different. 
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Table 1.9. Main effect of days after transplant on boron, copper, iron, magnesium, 

phosphorus, and zinc content in field-grown grafted and non-grafted tomatoes, 2013. 

Days after Transplant  

Boronz 

(ppm) 

Copper 

(ppm) 

Iron 

(ppm) 

Magnesium 

(%) 

Phosphorus 

(%) 

Zinc 

(ppm) 

27  24.4 ay 25.4 a 108.3 a 0.89 a 0.57 a 33.4 a 

71 15.0 c 16.5 b   88.9 b 0.62 b 0.27 b  15.2 b 

86 20.0 b 13.9 c   85.6 b 0.55 c 0.22 c  11.4 c 
zLeaf tissue chemical nutrient content was determined by collecting one newly opened 

leaf from each plant per plot and then oven dried at 75°C for 48 hours. Samples were 

sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient 

analysis. Three samples were taken throughout the growing season at 27 DAT, 71 DAT, 

and 86 DAT. 
yMeans separated by Tukey-Kramer significant difference, P ≤ 0.05. Means followed by 

the same letter are not significantly different. 
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Table 1.10. Nitrogen fertilizer treatment × days after transplant interaction on leaf tissue calcium, potassium, manganese, nitrogen, 

and sulfur content in grafted and non-grafted tomatoes, 2013. 

 Leaf tissue chemical nutrient contenty 

 Days after transplant (DAT) 

 27  71  86 

Nitrogen 

Fert. 

Treatment 

(kg/ha)z 

Ca 

(%) 

K 

(%) 

Mn 

(ppm) 

N 

(%) 

S 

(%) 
 Ca 

(%) 

K 

(%) 

Mn 

(ppm) 

N 

(%) 

S 

(%) 
 Ca 

(%) 

K 

(%) 

Mn 

(ppm) 

N 

(%) 

S 

(%) 

0 2.39 ax 2.76 a 29.2 a 5.80 a 0.48 a  2.30 a 1.32 c 41.7 a 3.83 a 0.32 a  3.01 a 1.11 ab 61.3 d 3.17 b 0.52 a 

56 2.41 a 2.73 a 29.42 a 5.65 a 0.47 a  2.43 a 1.54 ab 45.93 a 4.16 a 0.34 a  2.73 ab 1.12 ab 91.8 a 4.04 a 0.40 b 

112 2.35 a 2.72 a 30.0 a 5.66 a 0.46 a  2.38 a 1.63 a 46.3 a 4.20 a 0.35 a  2.49 b 1.23 a 76.7 bc 3.65 ab 0.44 ab 

168 2.41 a 2.73 a 31.3 a 5.73 a 0.44 a  2.38 a 1.39 bc 50.7 a 3.79 a 0.30 a  2.55 b 1.00 b 66.3 cd 3.56 ab 0.42 ab 

224 2.30 a 2.80 a 29.9 a 5.60 a 0.43 a  2.39 a 1.56 ab 46.8 a 4.27 a 0.29 a  2.57 b 1.21 a 84.3 ab 4.09 a 0.38 b 

zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3.  
yLeaf tissue chemical nutrient content was determined by collecting one newly opened leaf from each plant per plot and then 

oven dried at 75°C for 48 hours. Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete 

nutrient analysis. Three samples were taken throughout the growing season at 27 DAT, 71 DAT, and 86 DAT. 
xMeans separated by nitrogen fertilizer treatment within the same DAT by Tukey-Kramer significant difference, P ≤ 0.05. Means 

followed by the same letter are not significantly different.
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Table 1.11. Main effect of nitrogen fertilizer treatment on Sulfur 

content in field-grown grafted and non-grafted tomatoes, 2014. 

Nitrogen Fert. Treatmentz (kg/ha) 

 Sulfur 

(%) 

0  0.48 ax 

56 0.48 a 

112   0.45 ab 

168   0.43 ab 

224 0.37 b 
zNitrogen fertilizer treatments applied via drip irrigation as a 

solution of 19-0-0 NH4NO3. 
yLeaf tissue chemical nutrient content was determined by 

collecting one newly opened leaf from each plant per plot and 

then oven dried at 75°C for 48 hours. Samples were sent to 

Waters Agricultural Laboratories, Inc. (Camilla, GA) for a 

complete nutrient analysis. Three samples were taken 

throughout the growing season at 49 DAT, 63 DAT, and 98 

DAT. 
xMeans separated by Tukey-Kramer significant difference, P ≤ 

0.05. Means followed by the same letter are not significantly 

different. 
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Table 1.12. Main effect of rootstock on copper content in field-grown grafted and non-

grafted tomato cultivars, 2014. 

Rootstock 

Copperz 

(ppm) 

M/Ty    25.9 abv 

R/Tx 25.6 b 

Tw 27.1 a 
zLeaf tissue chemical nutrient content was determined by collecting one newly opened 

leaf from each plant per plot and then oven dried at 75°C for 48 hours. Samples were 

sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient 

analysis. Three samples were taken throughout the growing season at 49 DAT, 63 DAT, 

and 98 DAT. 
yM/T = 'Tribute' scion grafted onto 'Maxifort' rootstock. 
xR/T = 'Tribute' scion grafted onto 'RST-106' rootstock. 
wT = 'Tribute' non-grafted control. 
vMeans separated by Tukey-Kramer significant difference, P ≤ 0.05. Means followed by 

the same letter are not significantly different. 
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Table 1.13. M main effect of days after transplant on copper, iron, nitrogen, and phosphorus content 

in field-grown grafted and non-grafted tomato cultivars, 2014. 

Days after Transplant  

Copper 

(ppm) 

Iron 

(ppm) 

Nitrogen 

(%) 

Phosphorus 

(%) 

49 29.9 a 151.0 b 5.43 a 0.48 a 

63 20.2 b   93.9 c 4.55 c 0.26 c 

98 28.5 a 230.2 a 4.89 b 0.44 b 
zLeaf tissue chemical nutrient content was determined by collecting one newly opened leaf from 

each plant per plot and then oven dried at 75°C for 48 hours. Samples were sent to Waters 

Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. Three samples 

were taken throughout the growing season at 49 DAT, 63 DAT, and 98 DAT. 
yMeans separated by Tukey-Kramer significant difference, P ≤ 0.05. Means followed by the same 

letter are not significantly different.



 

71 

 

 

 

 

 

 

 

 

Table 1.14. Nitrogen fertilizer treatment × days after transplant interaction on leaf tissue boron, calcium, magnesium, manganese, and zinc 

content in grafted and non-grafted tomatoes, 2014. 

 Leaf tissue chemical nutrient contenty 

 Days after transplant (DAT) 

 49  63  98 

Nitrogen 

Fert. 

Treatment 

(kg/ha)z 

B 

(ppm) 
Ca 
(%) 

Mg 
(%) 

Mn 

(ppm) 
Z 

(ppm)  

B 

(ppm) 
Ca 
(%) 

Mg 
(%) 

Mn 

(ppm) 
Z 

(ppm)  

B 

(ppm) 
Ca 
(%) 

Mg 
(%) 

Mn 

(ppm) 
Z 

(ppm) 

0 19.4 a 3.08 a 1.11 a 37.3 a 32.2 a  14.9 a 2.86 a 0.92 a 49.2 a 32.8 a  22.5 a 1.52 a 0.61 a 30.7 a 30.1 a 

56 20.6 a 3.02 a 1.02 a 35.2 a 28.1 a  14.7 a 2.33 b 0.74 ab 35.3 b 21.5 ab  22.0 a 1.40 a 0.61 a 32.1 a 26.6 a 

112 19.5 a 3.09 a 1.00 a 36.2 a 26.1 a  14.8 a 2.23 b 0.63 b 35.6 b 16.2 b  22.4 a 1.52 a 0.64 a 34.6 a 27.4 a 

168 17.6 a 2.97 a 0.96 a 37.1 a 26.6 a  15.9 a 2.25 b 0.65 ab 41.0 ab 17.2 b  21.7 ab 1.73 a 0.66 a 38.1 a 30.5 a 

224 16.9 a 2.97 a 0.95 a 38.6 a 27.1 a  14.7 a 2.29 b 0.66 ab 44.0 ab 16.4 b  17.9 b 1.60 a 0.60 a 34.2 a 28.0 a 

zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3. 
yLeaf tissue chemical nutrient content was determined by collecting one newly opened leaf from each plant per plot and then oven dried at 

75°C for 48 hours. Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. Three samples 

were taken throughout the growing season at 49 DAT, 63 DAT, and 98 DAT. 
xMeans separated by nitrogen fertilizer treatment within the same DAT by Tukey-Kramer significant difference, P ≤ 0.05. Means followed by 

the same letter are not significantly different. 
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Table 1.15. Rootstock × days after transplant interaction on leaf tissue potassium content in  1 

grafted and non-grafted tomatoes, 2014. 2 

 Leaf tissue chemical nutrient contentz 

 Days after transplant (DAT) 

 49 63 98 

Rootstock K (%) K (%) K (%) 

M/Ty 2.00 av 1.26 a   2.13 ab 

R/Tx 2.08 a 1.17 a 1.99 b 

Tw 2.02 a 1.22 a 2.26 a 
zLeaf tissue chemical nutrient content was determined by collecting one newly opened leaf 3 

from each plant per plot and then oven dried at 75°C for 48 hours. Samples were sent to 4 

Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. Three 5 

samples were taken throughout the growing season at 49 DAT, 63 DAT, and 98 DAT. 6 
yM/T = 'Tribute' scion grafted onto 'Maxifort' rootstock. 7 
xR/T = 'Tribute' scion grafted onto 'RST-106' rootstock. 8 
wT = 'Tribute' non-grafted control. 9 
vMeans separated by rootstock within the same DAT by Tukey-Kramer significant 10 

difference, P ≤ 0.05. Means followed by the same letter are not significantly different. 11 

  12 
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Figures 13 

 14 

15 

 16 
Figure 1.1. Effect of nitrogen fertilizer rate on marketable yield in 2013 and 2014. 17 

‘Tribute’ (T) marketable yield production 2013: y = 45035 + 53.3(nitrogen), ‘Tribute’ 18 

grafted on ‘Maxifort’ (M/T) marketable yield production 2013: y = 52624 +53.3(nitrogen), 19 

‘Tribute’ grafted onto ‘RST-106’ (R/T) marketable yield production 2013: y = 45092 + 20 

53.3(nitrogen), LOF (P = 0.1911). 21 

T marketable yield production 2014: y = 17507 + 35(nitrogen), M/T marketable yield 22 

production 2014: 23996 + 35(nitrogen), R/T marketable yield production 2014: y = 22485 23 

+35(nitrogen), LOF (P = 0.7412). 24 
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CHAPTER III  30 

VIGOR IN GRAFTED WATERMELON AS A FUNCTION OF NITROGEN USE 31 

EFFICIENCY 32 

Abstract 33 

 Production of watermelon (Citrullus lanatus (Thunb) Matsum & Nakai) in the United 34 

States (US) continues to grow. As of 2012 the net production value of watermelon in the US 35 

was $188.9 million. Triploid seedless watermelon cultivars make up the majority of 36 

watermelon shipments in the US due to increased market demand; however, seedless 37 

watermelon lack resistance to the soil-borne disease Fusarium wilt race 2 (Fusarium 38 

oxysporum f. sp. niveum (E.F. Sm.) Snyd. & Hans.). Traditionally, growers would combat 39 

this pathogen through the use of soil fumigants such as methyl bromide or by developing 40 

long term crop rotation schemes. With the banning of methyl bromide growers are searching 41 

for alternative methods for dealing with soil-borne diseases. Grafting watermelon onto 42 

rootstocks with known disease resistance is a method that has been used extensively in Asian 43 

and European countries for managing soil-borne diseases. Rootstocks have also been shown 44 

to increase tolerance to suboptimal soil temperatures, saline and alkaline soils, as well as 45 

flooding. Furthermore, rootstocks have demonstrated the ability to increase scion vigor 46 

through increased vine length, internodes, and yield. One hypothesis for this increased vigor 47 

is due to the rootstock being more nitrogen use efficient than non-grafted plants. The 48 

objective of this study is to determine if the commercial rootstock cultivars ‘Strongtosa’, 49 

‘Carnivor, or ‘Macis’ impart vigor to the ‘Melody’ scion and are more efficient in their use 50 

of nitrogen in open-field production than non-grafted ‘Melody’ as well as to determine the 51 
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level of nitrogen to optimize production of grafted plants. Field studies were conducted in 52 

2013 and 2014 on the Sandhills Research Station in Jackson Springs, NC. All plants were 53 

grown in an open-field plasticulture system. Nitrogen fertilizer was applied via drip irrigation 54 

at five different rates: 0 kgN/ha, 84 kgN/ha, 126 kgN/ha, 168 kgN/ha, and 252 kgN/ha. These 55 

rates were determined based on the recommended rate for the southeastern US of 168 56 

kgN/ha. No significant interaction between rootstock and nitrogen fertilizer was observed in 57 

either year for vine length, leaf count, or marketable fruit weight; however, the main effect of 58 

rootstock was significant for marketable fruit weight, flesh firmness, and soluble solids 59 

content (SSC) in both years. Non-grafted plants produced more marketable fruit than any of 60 

the rootstock-scion combinations. Non-grafted fruit had softer flesh compared to all 61 

rootstock-scion combinations in 2013 and 2014 and a lower SSC when compared to 62 

‘Carnivor’/‘Melody’ and ‘Strongtosa’/‘Melody’ grafts in 2013. In both years the 63 

‘Macis’/‘Melody’ grafted plants produced fruit with the lowest SSC. Our findings suggest 64 

that cucurbit rootstocks do not impart vigor to the scion in the form of increased nitrogen use 65 

efficiency in open-field production; however, certain rootstocks do add to the overall fruit 66 

quality when compared to fruit from non-grafted plants. 67 

Introduction 68 

 Between 1993 and 2012, global watermelon (Citrullus lanatus (Thunb) Matsum & 69 

Nakai) production nearly tripled from 38 million to 105.3 million tons of fruit (Faostat, 70 

2012). China is currently the world leader in watermelon production at 70.2 million tons in 71 

2012. The United States (US) ranked fifth in the world for watermelon production at just over 72 

1.7 million tons of fruit with a net production value of $188.9 million. Though total acreage 73 
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devoted to watermelon production in the US has declined since 1990, total yield per acre has 74 

increased. This increased productivity is due to improved cultivars and better production 75 

practices (Plattner and Perez, 2013). Additionally, market demand has shifted towards 76 

triploid hybrid seedless watermelons. Shipments of seedless watermelon went from 51% of 77 

the total US watermelon shipments in 2003 to 83% in 2011 (Plattner and Perez, 2013). 78 

Although seedless watermelons have dominated the US market, they are not without their 79 

shortcomings. Specifically, triploid hybrid seedless watermelons have little or no resistance 80 

to Fusarium wilt race 2 (FW) (Fusarium oxysporum f. sp. niveum (E.F. Sm.) Snyd. & Hans.) 81 

(Bruton et al., 2007). Consequently, as of 2007, nearly 75% of the total watermelon produced 82 

in the US was susceptible to Fusarium wilt (Bruton et al., 2007). Compounding this issue 83 

further was the phase out of methyl bromide, a commonly used soil fumigant, between 1999 84 

and 2005 (King et al., 2008). Non-host resistance to Fusarium race 2 exists in closely related 85 

species to watermelon. These species have been used in other countries as rootstocks for 86 

imparting resistance to soil borne pathogens through herbaceous grafting.  87 

Vegetable grafting is relatively new to Western production; however, it has been 88 

utilized in East Asia since the 1920’s (Tateishi, 1927). The first herbaceous grafts produced 89 

used a squash rootstock (Cucurbita moschata Duch.) and watermelon scion (Citrullus 90 

lanatus (Thunb.) Matsum & Nakai). These plants showed both increased yield and 91 

pest/disease resistance (Kubota et al., 2008; Tateishi, 1927). Grafted cucurbits entered 92 

commercial production and sales in the 1960s (Lee and Oda, 2002). One impetus for the use 93 

of grafted cucurbits has always been for the rootstock-imparted resistance to soil-borne 94 

pathogens. 95 
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 As mentioned earlier, the majority of the US watermelon crop is susceptible to 96 

Fusarium wilt race 2. This devastating soil-borne disease is the leading cause of watermelon 97 

yield reduction around the world (Bruton et al., 2007). Numerous studies have demonstrated 98 

the efficacy of imparting resistance to Fusarium wilt through grafting. Researchers in 99 

Oklahoma found that grafted watermelon on a number of squash and gourd rootstocks were 100 

resistant to Fusarium wilt (Taylor et al., 2008). Cohen et al. (2002) demonstrated that both 101 

melon and watermelon had reduced incidence of Fusarium wilt; however, the level of 102 

resistance depended on the susceptibility of the scion to Fusarium wilt (Cohen et al., 2002). 103 

In an experiment spanning eight years, watermelons grafted onto ‘Shintosa’ (Cucurbita 104 

maxima x Cucurbita moschata) rootstock were resistant to Fusarium wilt while increasing 105 

fruit size with no negative effect on fruit quality (Miguel et al., 2004).  106 

 Though disease resistance has been the main incentive for using grafted watermelon, 107 

studies have demonstrated their ability to tolerate certain abiotic stresses. Compared to non- 108 

grafted varieties, watermelon cultivars grafted onto Lagenaria siceraria rootstock proved 109 

more tolerant to flooded soils (Yetisir et al., 2006). Plants were submerged in water up to the 110 

soil level for 20 days and measurements such as biomass, leaf count, and stomatal 111 

conductance were taken every five days.  Plant fresh weight was 180% less in non-grafted 112 

plants compared to non-flooded, non-grafted controls whereas grafted plant fresh weight only 113 

decreased by 50% compared to the non-flooded, non-grafted control. The authors attribute 114 

this increased tolerance of anaerobic conditions to the development of aerenchyma tissue 115 

around the rootstock phloem, which is not seen in the root system of non-grafted plants.  116 
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 Cucurbits are a warm season crop and not well adapted to cold soils. For example, 117 

watermelon exposed to cold stress (ambient temperature of 2°C) for 36 – 40 hours and then 118 

transplanted into a greenhouse with temperatures conducive to plant growth (29 ± 5°C) had 119 

yield reduction of 10% compared to control plants that were not exposed to cold stress 120 

(Korkmaz and Dufault, 2001). Cucumber (Cucumis sativus L. cv. Chung-Jang) grafted onto 121 

figleaf gourd rootstock (Cucurbita ficifolia Bouché) was reported to be more tolerant of 122 

suboptimal soil temperatures than non-grafted cucumbers. Leaf dry weight, leaf area, and 123 

photosynthesis were reduced in non-grafted cucumbers when temperatures were lower than 124 

20°C. These measurements were at their highest for figleaf gourd rootstock-grafted plants at 125 

a soil temperature of 15°C (Ahn et al., 1999). Cucumbers grafted onto figleaf gourd 126 

rootstocks have also been shown to tolerate saline soils better than non-grafted cucumbers 127 

(Huang et al., 2010). Similarly, sensitive watermelon cultivars grafted onto a various saline 128 

and alkaline tolerant rootstocks were reported to be more tolerant of both saline (Colla et al., 129 

2006) and alkaline soils (Colla et al., 2010). 130 

   Grown under favorable conditions (those lacking both biotic and abiotic stresses) the 131 

benefits of grafted watermelon are not as evident. In the study mentioned earlier, Miguel et 132 

al. (2004) found watermelon grafted onto ‘Shintosa’ rootstock had increased fruit size 133 

without any change in soluble sugar content or flesh quality compared to non-grafted 134 

controls. Salam et al. (2002) had similar yield results, with grafted watermelons yielding 135 

significantly more than non-grafted plants. It should be noted that grafted watermelon plants 136 

produced fruit that individually weighed less compared to fruit of the non-grafted plants. 137 
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Yield is not the only component of production altered by grafting. Fruit from grafted 138 

plants had firmer flesh and higher lycopene content (Davis and Perkins-Veazie, 2005). Lee 139 

and Oda (2002) found watermelon fruit quality was reduced with grafting. The flesh was 140 

fibrous, less firm, and had an overall lack of taste compared to fruit from non-grafted plants. 141 

Yield measurement alone, however does not explain all the differences that may exist 142 

between grafted and non-grafted plants.  For example no difference in yield between grafted 143 

and non-grafted watermelon was observed, though grafted plants were more vigorous in their 144 

vegetative growth (increased vine length, number of internodes and laterals per vine) 145 

(Bekhradi et al., 2009). Grafted plants had an increase in the number of internodes, laterals, 146 

and stem length, though these were rootstock-dependent. While all three rootstocks used (L. 147 

siceraria, C. pepo, C. maxima x C moschata ‘Fero’) had significantly longer stems than the 148 

non-grafted treatment, only C. pepo and C. maxima x C moschata ‘Fero’ grafted plants had a 149 

significant increase in the number of internodes and laterals. 150 

 Some researchers hypothesized that the vigor seen in studies such as those conducted 151 

by Bekhradi et al. (2009) and Miguel et al. (2004) may be due to a rootstock-mediated 152 

increase in nitrogen metabolism. Watermelon grafted onto three different pumpkin rootstocks 153 

(C. pepo L. ‘Shintosa’, ‘Brava’, ‘Kamel’) had lower levels of nitrate and ammonium in their 154 

leaves compared to non-grafted controls (Pulgar et al., 2000). These lower levels of nitrogen 155 

were explained by the presence of higher concentrations of nitrate- and nitrite reductase. 156 

Consequently, the grafted plants showed increased amounts of soluble amino acids, soluble 157 

proteins, and dry mass. In a related study, watermelon grafted onto C. ficifolia rootstock 158 

exhibited increased chlorophyll, stomatal conductance, and internal CO2 concentrations, all 159 



 

80 

indicating increased photosynthesis (Nie et al., 2010). Both of these studies suggest grafted 160 

watermelon may be more efficient in assimilating nitrogen. 161 

 If grafted watermelons are more efficient in their uptake and assimilation of nitrogen 162 

this may help to offset the increased cost of seedlings. Less nitrogen need be applied to 163 

obtain comparable yields from grafted than from non-grafted watermelon in which higher 164 

rates of nitrogen might be needed. Grafted melon (Cucumis melo) was reported to be more 165 

efficient in nitrogen uptake and use efficiency compared to non-grafted melons in open-field 166 

production (Ruiz and Romero, 1999).  167 

A key objective of this study was to determine if increased growth or vigor of grafted 168 

watermelon was a function of increased nitrogen uptake efficiency. The goals of this study 169 

were to (1) determine if grafted watermelon are more efficient in their uptake of nitrogen in 170 

open-field production and if so, (2) establish a level of applied nitrogen to optimize 171 

production.  172 

Materials and Methods 173 

Field research of grafted watermelon was conducted over a two-year period during 174 

the summers of 2013 and 2014. A triploid watermelon cultivar [Citrullus lanatus (Thunb.) 175 

Matsum. and Nakai, ‘Melody’] (Syngenta Seeds, Greensboro, NC) was the non-grafted 176 

control or grafted onto the following commercially available rootstocks: ‘Carnivor’ 177 

(Cucurbita maxima Duchesne × Cucurbita moschata Duchesne; Syngenta Seeds, 178 

Greensboro, NC), ‘Strongtosa’ (Cucurbita maxima Duchesne × Cucurbita moschata 179 

Duchesne; Syngenta Seeds, Greensboro, NC), and ‘Macis’ (Lagineria siceraria [Mol.] 180 

Standl.; Nunhems, The Netherlands).  181 
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All grafting took place indoors on North Carolina State University campus (Raleigh, 182 

NC). Both scion and rootstock cultivars were seeded in 72-cell plug trays (T.O. Plastics. 183 

Clearwater, MN) filled with Carolina’s Choice Specially Formulated Peat-Lite Tobacco Mix 184 

(Carolina Soil Company. Kinston, NC). Rootstock cultivars were planted April 20, 2013. 185 

‘Melody’ seeds were planted one week later on April 27, 2013 and used as the scion for the 186 

grafted treatments, while it also served as the non-grafted control treatment. When the 187 

rootstock cotyledons were fully opened 25 μL of a 6.25% dilution of Fair 85® fatty alcohol 188 

solution (Fair Products, Inc. Cary, NC) was applied to the meristem using a mechanical 189 

pipette (PIPETMAN P100, Gilson Inc., Middleton, WI) following the protocols of Daley and 190 

Hassell (2014). Application of the fatty alcohol compound effectively destroyed the rootstock 191 

apical meristem, preventing its regrowth when transplanted in the field. Grafting occurred on 192 

May 1, 2013 when the scion material had one true leaf and a second emerging. The one 193 

cotyledon method as reported previously (Hassell et al., 2008) was employed when grafting 194 

the watermelon. Plants were placed in a healing chamber for one week until the graft wound 195 

was completely healed. The healing chamber base was composed of a single sheet of 196 

plywood 2.4 m x 1.3 m in dimension. Wooden boards (5.1 cm x 15.2 cm) were attached 197 

around the edges of the plywood base, giving a raised rim of 15.2 cm in height. Galvanized 198 

steel #10 gauge wire 137 cm in length was placed in holes drilled on the top of the 2.4 m 199 

long boards and bent over creating a hoop with a maximum height of 63.5 cm above the 200 

chamber base. The chamber was covered with clear 6 mm polyethylene film (HummertTM 201 

International, Springfield, MO). A humidifier (Herrmidifier Model 707-U, HummertTM, 202 

Springfield, MO) provided the high levels of relative humidity (RH) necessary for healing. 203 
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The chamber was covered with four layers of 50% black knitted shade cloth (DeWitt Co., 204 

MO) and one layer of green fabric (Sta-Green, Lowes, Raleigh, NC) to reduce absorption of 205 

heat. Grafted plants initially were exposed to complete darkness and RH close to 95% for the 206 

first two days. With each consecutive day, the amount of light allowed into the chamber was 207 

increased ~12.5% by removing one piece of black shade clothfollowed by a decrease in RH 208 

from ~95% to ~50%. Once healed, the grafted plants were placed in an unheated plastic high 209 

tunnel for one week to harden-off prior to transplanting in the field on May 29, 2014. 210 

Plants were prepared and grafted in the exact same fashion in 2014 as was done in 211 

2013. Both scion and rootstock seeds were planted April 18, 2014 and the non-grafted 212 

‘Melody’ seeds were planted one week later on April 25. Grafting occurred on May 5 and the 213 

healed plants were transplanted May 22, 2014. 214 

Field Design 215 

The field study was conducted at the Sandhills Research Station in Jackson Springs, 216 

North Carolina (35°14’51.591” N, 79°43’22.657” W). This location was chosen due to the 217 

deep, low fertility sandy soils (CaB-Candor Sands) (Kleiss, 1983). Soil tests utilizing the 218 

Mehlich-3 extraction were conducted at the NCDA&CS Agronomic Division laboratory 219 

(Raleigh, NC) on samples from the research plot. Results indicated that it was a mineral soil 220 

with a CEC of 5.6 and Humic Matter of 0.60% (Table A-2.1). Prior to bedding, an initial 221 

application of 0-0-60 at 224.0 kg/ha was incorporated into the field. Ten 97.5 m x 3.1 m rows 222 

were bedded and 0.9 Liter/hour drip tape (Netafim Irrigation, Fresno, CA) was laid down 223 

prior to being covered with black plastic mulch (0.70 mm black polyethylene mulch, 15.2 224 

mm wide, Berry Hill Irrigation, Buffalo Junction, VA). A 1.9 cm polyethylene round hose 225 
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(The Toro Company, Bloomington, MN) was placed the width of the field as the irrigation 226 

break, dividing the ten rows in half. Drip tape was cut and attached with valves to the 227 

polyethylene tubing at the irrigation break resulting in 20 48.8 m-rows that can be irrigated 228 

individually and independently of one another. In 2013, irrigation occurred daily using an 229 

automatic timer that ran for 90 minutes. In 2014, this time was reduced to 45 minutes. Field 230 

design was identical in 2014 as 2013 though no potash was applied prior to bedding.  231 

Experimental Design 232 

The field was set up in a split-plot design with four replications. Each replication 233 

contained five 48.8 m-rows that were fertigated with a liquid 19-0-0 NH4NO3 (Liberty Acres 234 

Fertilizer Corporation, SC) at one of the five nitrogen treatments (the whole-plot factor). 235 

Nitrogen treatments were determined based on the recommended rate (RR) for watermelon 236 

grown in the southeast United States of 168 kgN/ha (Kemble et al., 2013). The five 237 

treatments were: 0 kgN/ha (0% RR), 84 kgN/ha (50% RR), 126 kgN/ha (75% RR), 168 238 

kgN/ha (100% RR), and 252 kgN/ha (150% RR). The 75% RR treatment was chosen because 239 

growers in Mexico using grafted watermelon could get comparable yields at 75% RR to non- 240 

grafted watermelon grown at 100% RR (personal communication, D. Liere, Syngenta Seeds, 241 

January 28, 2013). Within each row, four 6.1 m-plots and a 4.6 m of space buffer was placed 242 

between each plot. Eight plants from one of the four treatments were transplanted 0.76 m 243 

apart in each plot (split-plot factor). Three pollinizer plants (‘SP-6’; Syngenta Seeds, 244 

Greensboro, NC) were transplanted after plants 1, 4, and 7 in each plot to provide sufficient 245 

viable pollen. Both the designation of fertilizer treatments and the placement of grafted 246 

treatments were chosen at random using a random number generator in Excel 2011 247 
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(Microsoft Corporation®, 2010). Fertigation began one week after transplant and was 248 

conducted biweekly. Liquid fertilizer was injected using a Chemilizer™  HN55 Fixed Ratio 249 

Injector (Chemilizer Products, Inc. Largo, FL). 250 

Spacing, pollinizer placement, and fertilizer treatments were the same in 2014 as in 251 

2013. However, in 2013 fertigation occurred biweekly whereas in 2014 it occurred weekly. 252 

Data Collection 253 

In 2013 vine length data were collected from three plants per plot at 14 and 21 days 254 

after transplant (DAT). Lengths were measured from the base to the tip of the apical 255 

meristem of the longest vine. Leaf counts were conducted on the same three plants at 14 and 256 

21 DAT. Only mature, fully expanded leaves were counted. Female flowers were also 257 

counted from the same three plants at 27 DAT, during the beginning of anthesis. During the 258 

2014 season, vine length and leaf count were conducted the same way at 7, 14, and 21 DAT. 259 

Flower count occurred 28 DAT. 260 

The newest, fully expanded leaf from each of the eight plants from each plot was 261 

sampled for tissue nutrient analyses. All eight leaves were placed in a paper bag, labeled, and 262 

oven dried (Thelco laboratory ovens, Thermo Fisher Scientific Inc. Waltham, MA) at 75°C 263 

for 48 hours. Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for 264 

a complete nutrient analysis. Three samples were taken throughout the growing season at 34 265 

DAT, 54 DAT, and 72 DAT. These three dates corresponded with the peak of anthesis, 266 

beginning of harvest, and following the final harvest, respectively. In 2014, the three samples 267 

were taken 35 DAT, 56 DAT, and 84 DAT. 268 
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Fruit harvest began 54 DAT and was conducted weekly for three weeks in 2013. In 269 

2014, the first harvest occurred 56 DAT and continued weekly for five weeks. Fruit maturity 270 

was gauged prior to harvest with two indicators, complete senescence of the tendril nearest to 271 

the fruit pedicel and a change in color of the ground spot, where the fruit rested, from yellow 272 

to cream colored. All harvested fruit were weighed in field.  273 

Three representative fruit per plot were sampled for quality analyses. The three 274 

quality measures taken were: fruit dimensions, soluble solid content (SSC), and flesh 275 

firmness. Prior to cutting, fruit dimensions were taken by measuring the length of the fruit 276 

from blossom to stem end (length) and ground spot to the top of the fruit (width). The three 277 

fruit were then cut in half longitudinally from blossom end to stem end, through the ground 278 

spot. One half was used for analysis of soluble solid content and the other for flesh firmness. 279 

A piece of the flesh, approximately 125 cm3, was excised from the center of the fruit and 280 

juiced. This juice was analyzed for soluble solid content using an Atago 3810 Pal-1 digital 281 

refractometer (Atago Co., LTD, Bellevue, WA). Flesh firmness was analyzed using a 282 

Penetrometer FT 011 with a 1.11 cm plunger tip (QA Supplies LLC, Norfolk, VA) and 283 

recorded in kg/cm2. Fruit flesh pressure was measured at the stem end, blossom end, center, 284 

ground spot side, and top side. These five measurements were averaged, giving a single value 285 

per fruit.  286 

Data Analysis 287 

All data were analyzed using SAS version 9.3 (SAS Institute Inc., Cary, NC). Vine 288 

length, leaf count, and tissue nutrient analysis were analyzed as repeated measures using 289 

PROC MIXED. Flower count, fruit weight, number, and all quality measures were analyzed 290 
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using PROC MIXED. Nitrogen fertilizer effect on yield was analyzed as a regression using 291 

PROC MIXED. The initial model tested for a quadratic relationship between nitrogen 292 

fertilizer and yield; however, the quadratic model did not provide a significant improvement 293 

(F1,14=3.39, p > 0.05) over the linear model (F1,15 = 8.85, p < 0.01) in 2013. In 2014, the 294 

quadratic model again did not provide a significant improvement (F1,14 = 1.37, p > 0.05) over 295 

the linear model (F1,15 = 3.23, p < 0.05).Residual plots were studied for any violation of the 296 

assumptions in ANOVA such as heterogeneity and outliers. No violations of these 297 

assumptions were found and the data were analyzed as is. For all analyses the post-hoc 298 

Tukey-Kramer method of multiple comparisons was employed. The danda macro (Saxton, 299 

1998) was utilized to create Tukey letter grouping for means separated within PROC 300 

MIXED. 301 

The 2013 season was very wet and cooler than normal whereas 2014 was much drier 302 

and hotter (Appendix Table A-2.2). Due to varying environmental conditions each year and 303 

the change from biweekly to weekly fertigation, data from the two seasons were not 304 

combined for analysis. 305 

Results and Discussion 306 

Vegetative and Reproductive Measurements 307 

2013.  There was no interaction between the effects of rootstock and nitrogen fertilizer 308 

treatment on leaf count, vine length, or flower count (Table 2.1). However, the main effect of 309 

rootstock was significant on leaf count and vine length at both 14 DAT and 21 DAT as well 310 

as flower count at 27 DAT. At 14 DAT non-grafted ‘Melody’ (M) had fewer leaves and 311 

shorter vine length (7 leaves and 24 cm, respectively) than all other grafted cultivars (Table 312 
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2.2). ‘Melody’ grafted onto ‘Carnivor’ rootstock (C/M), ‘Melody’ grafted onto ‘Strongtosa’ 313 

rootstock (S/M), and ‘Melody’ grafted onto ‘Macis’ rootstock (M/M) had the same number 314 

of leaves (9) and vine length was similar. One week later, at 21 DAT, both M and S/M had 315 

the lowest number of leaves (21 and 22, respectively) with M/M having more than both 316 

cultivars at 25 leaves. C/M was intermediate between S/M, M, and M/M with 23 leaves. As 317 

was the case at 14 DAT, M had the shortest vine length (75 cm), shorter than both C/M and 318 

S/M (90 cm and 86 cm, respectively). M/M was significantly shorter (81 cm) than C/M, but 319 

not significantly different from M or S/M. Even though M was both shorter and had fewer 320 

leaves at both dates, it had more pistillate flowers (5) than all other cultivars, which all had 321 

four. These results of vine length measurements are consistent with other researchers 322 

(Bekhradi et al., 2009; Davis and Perkins-Veazie, 2005; Satoh, 1996; Yamasaki et al., 1994). 323 

While all grafted plants, regardless of rootstock, were longer and had more leaves at 14 DAT 324 

than non-grafted plants, there was no difference between rootstocks. However, at 21 DAT the 325 

interspecific squash hybrid rootstocks (‘Carnivor’ and ‘Strongtosa’) were longer than the 326 

bottle gourd (‘Macis’). Bekhradi et al.(2009) had similar results with ‘Charleston Gray’ 327 

grafted onto Lagenaria and C. maxima x C. moschata rootstocks as both rootstocks produced 328 

plants with longer terminal vines than the non-grafted control. The interspecific squash 329 

hybrid rootstock had longer vines than the bottle gourd rootstock (Bekradi et al., 2009). 330 

Yamasaki et al.(1994) also found watermelon grafted on ‘Shintosa’ rootstock (C. maxima x 331 

C. moschata) had significantly longer vines than watermelon on bottle gourds. They suggest 332 

these results in part are due to the increased rootstock-derived cytokinins in the form of 333 

ribosylzeatin found in xylem exudate. The authors argue that the increased quantity of 334 
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cytokinins produced by the squash hybrid rootstock increased the rate of mineral absorption 335 

and movement to apical shoots (Yamasaki et al., 1994). External application of cytokinins 336 

has been shown to increase the migration of amino acids, and consequent increase of 337 

proteins, to the site of application (Mothes and Engelbrecht, 1961). A more recent study 338 

conducted by Ruiz-Medrano et al. (1999) showed that certain mRNA transcripts synthesized 339 

in pumpkin rootstocks are transported through the phloem to cucumber scion tissue. One of 340 

these transcripts, CmNACP, was found to accumulate in floral and vegetative meristematic 341 

tissue. CmNACP is a member of the NAC domain gene family, though its role in cucurbits is 342 

still unknown. Members of the same NAC domain gene family found in Arabidopsis and 343 

petunia are involved in apical meristem development (Lucas, 2012; Ruiz-Medrano et al., 344 

1999; Sablowski and Meyerowitz, 1998; Souer et al., 1996). In summary, the vine length 345 

results for S/M and C/M in 2013 could be due to increased rootstock-derived mRNA and 346 

cytokinin transport, increasing the rate of meristematic development and allocation of 347 

minerals and amino acids to the vigorously growing meristem. 348 

2014. As in 2013, there was no significant interaction between the effects of rootstock 349 

and nitrogen fertilizer treatment on leaf count, vine length, or flower count (Table 2.1). The 350 

main effect of rootstock was again significant at all dates on all vegetative and reproductive 351 

parameters, with no effect measured due to the N fertilizer treatment. At 7 DAT M had fewer 352 

leaves (3) than all of the grafted plants regardless of rootstock (4) as well as the shortest vine 353 

length (5.5 cm) (Table 2.2). M/M had the longest vine at 6.9 cm, followed by S/M and C/M 354 

(6.1 cm and 6.2 cm, respectively) which were both significantly longer than M. One week 355 

later at 14 DAT M had significantly more leaves (8) than all other rootstocks with 7 each. 356 
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Additionally, vine length for M was longer (21.4 cm) than the other three rootstocks. There 357 

was no difference between vine lengths of C/M, M/M, and S/M at 14 DAT. Results were 358 

similar at 21 DAT with M having both more leaves (27) and longer vines (83.4 cm) than the 359 

other three cultivars. No difference was seen between the different rootstocks at 21 DAT for 360 

leaf-count and vine length. Other researchers found that, depending on scion, rootstocks can 361 

decrease the vine length, though not significantly, or cause little change compared to non- 362 

grafted watermelon (Davis and Perkins-Veazie, 2005). The different responses between years 363 

may be due to different environmental conditions in 2013 and 2014 (see appendix Table A- 364 

2.2). Cohen et al. (2007) found higher day and night temperatures suppressed growth in 365 

grafted muskmelon whereas the same grafts grown in cooler seasons or cooler locations 366 

resulted in normal growth.  They hypothesized this to a possible scion-rootstock 367 

compatibility issue exacerbated by extreme temperatures. In our experiments black plastic 368 

mulch was utilized. This mulch has been shown to significantly increase daytime soil 369 

temperatures as well as reduce the flux between day and nighttime soil temperatures 370 

(Liakatas et al., 1986). The photosynthetically active radiation (PAR) values in 2013 were 371 

markedly lower than in 2014 due to long periods of cloudy, rainy weather. This increase in 372 

PAR most likely raised the temperature of the soil under the black plastic. Soil temperature in 373 

these plots was not measured; however, the increased soil temperatures likely occurred in 374 

2014 (Appendix Table A-2.2) and could have reduced the vigor of grafted plants, thus 375 

resulting in the reduced vine length.   376 

Finally, at 28 DAT M had more pistillate flowers than the other three rootstocks in 377 

which no difference was found in flower count. Our results are in agreement with Yamasaki 378 
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et al. who observed delayed flowering when watermelon was grafted on bottle gourd and 379 

interspecific squash hybrid rootstocks (Yamasaki et al., 1994). This rootstock-mediated delay 380 

of flowering was also seen when cucumber was grafted onto C. maxima x C. moschata cv. 381 

Shintosa-ichigou (Satoh, 1996). The inhibitory effect of this rootstock was not due to a lack 382 

of certain flower-promoting factors, but due to an inhibitory factor derived from the 383 

rootstock. Satoh hypothesizes this factor potentially being the increased rootstock-derived 384 

cytokinins, which Yamasaki (1994) found to be higher in similar squash hybrid rootstocks. 385 

Shoot-to-root signaling has been observed to induce flowering and root-synthesized 386 

cytokinins appear to play a key role in this process (Kinet et al., 1993). While not seen in 387 

2013, flower count in both squash hybrid rootstocks was lower than that of the bottle gourd 388 

rootstock in 2014 (Table 2.2). This difference could be due to the increased amounts of 389 

cytokinins produced by the ‘Carnivor’ and ‘Strongtosa’ rootstocks. 390 

Yield Measurements 391 

2013. There was a significant interaction between the effects of rootstock and nitrogen 392 

fertilizer treatment on fruit per plant (Table 2.3). The main effects of rootstock and nitrogen 393 

fertilizer treatments were both significant on the total yield; however, the interaction of these 394 

two effects was not significant. Average fruit weight was not affected by rootstock, nitrogen 395 

fertilizer treatment, or the interaction of these two. M yielded the most fruit per plant at every 396 

nitrogen rate, peaking at 126 kgN/ha nitrogen (2.3 fruit per plant) and remaining relatively 397 

steady at the higher nitrogen rates (Table 2.4). M/M, numerically yielded slightly fewer fruit 398 

per plant, but was not significantly different than M at any of the nitrogen fertilizer 399 

treatments. S/M was not significantly different than M/M at any of the nitrogen fertilizer 400 
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treatments, but generally had fewer fruit per plant. With the addition of fertilizer S/M yielded 401 

significantly lower than M. At 84 kg/ha nitrogen S/M yielded 1.3 fruit per plant compared to 402 

2.1 fruit per acre with M. At 126 kg/ha nitrogen S/M yielded 1.4 fruit per plant whereas M 403 

yielded 2.3. At 168 kg/ha nitrogen, which is considered the normal rate of nitrogen for field- 404 

grown watermelon, S/M yielded 1.3 and M yielded 2. Finally, at 252 kg/ha nitrogen S/M 405 

yielded 1.6 fruit per plant and M yielded 2.3. The lowest yielding was C/M which had the 406 

fewest fruit per hectare at every nitrogen fertilizer treatment, the exception being the 84 407 

kg/ha treatment. The highest number of fruit obtained per plant with the C/M was 1.6 at 84 408 

kg/ha nitrogen, but at increasing levels of nitrogen, it never produced more than 1.3 fruit per 409 

plant. Similar trends were seen for the main effect of rootstock on total yield (Table 2.5). M 410 

yielded more than any other cultivar with 43,052.7 kg/ha, though M/M and M were not 411 

significantly different in the number of fruit per plant at any of the nitrogen fertilizer 412 

treatments (Table 2.4). M yielded nearly 11,198.2 kg/ha more than M/M. Both S/M and C/M 413 

were lower yielding than M/M (Table 2.5). C/M was the lowest yielding for both total yield 414 

and fruit per plant. Total yield was influenced by nitrogen fertilizer treatment (Table 2.3). All 415 

rootstocks showed a linear increase in yield with increasing rates of N (Figure 2.1). S/M and 416 

C/M had the lowest yield response to nitrogen with M/M being intermediate to the latter two 417 

and M, which had the highest nitrogen response. 418 

2014.  The main effect of rootstock was significant for all three yield measurements: fruit per 419 

plant, average fruit weight, and total yield (Table 2.3). No significant interaction between 420 

rootstock and nitrogen fertilizer treatment or the main effect of nitrogen fertilizer treatment 421 

was measured for fruit per plant and average fruit weight. There was no significant difference 422 
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between the number of fruit per plant in any of the three rootstocks (Table 2.7). Non-grafted 423 

‘Melody’ (M) had significantly more fruit per plant compared to all grafted cultivars. 424 

Additionally, M had heavier individual fruit weight compared those produced with grafted 425 

cultivars. Consequently, M had higher total yields than all grafted cultivars. No significant 426 

differences in total yield were measured between rootstocks. As in 2013, there was a 427 

significant linear relationship between rootstock and nitrogen fertilizer on total yield in 2014; 428 

however, there was a significant interaction between rootstock and nitrogen fertilizer in 2014 429 

(Figure 2.1). In 2013 all rootstocks showed a positive linear relationship with nitrogen 430 

fertilizer, which is in accordance with previous work measuring watermelon yield response 431 

to increasing nitrogen fertilizer (Hochmuch and Cordasco, 2000). The only rootstock to show 432 

a slight positive linear relationship in 2014 was S/M, whereas M and C/M have a strong 433 

negative response to increasing nitrogen fertilizer (Figure 2.1). This response differs from   434 

2013 and reports by previous authors (Hochmuth and Cordasco, 2000). However, Goreta et 435 

al. (2005) found a similar reduction in watermelon yield with increasing N fertilizer rates 436 

from 115 kg/ha up to 275 kg/ha. They attribute these yield reductions to hot, unfavorable 437 

weather during those years. 2014 was much hotter and drier than 2013 (Table A-2.2), and 438 

these unfavorable conditions may have led to the negative nitrogen response on yield. 439 

Furthermore, in 2014 potassium was not applied pre-plant but via drip at the beginning of 440 

fruit production. The decreasing yield response to nitrogen may be attributed to reduced 441 

potassium. Potassium deficiencies have been shown to reduce photosynthetic and nitrogen 442 

assimilation capacities (Jin et al., 2011; Pettigrew and Meredith, 1997).   443 
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There appear to be many discrepancies in the literature regarding rootstock effects on 444 

yield in watermelon. No difference in fruit weight was reported when comparing grafted and 445 

non-grafted plants that were only allowed to produce one fruit (Yamasaki et al., 1994). One 446 

fruit per plant was considered the conventional crop load for greenhouse production in Japan. 447 

Davis and Perkins-Veazie (2005) found the rootstock effect on fruit weight to be dependent 448 

on the scion. Fruits from non-grafted ‘SF800’ were heavier than fruits from plants grafted 449 

onto ‘1330’ and ‘451’ rootstocks. However, when using the seedless watermelon ‘SS5244’, 450 

they found no significant difference in fruit weight between treatments. Similar to our results 451 

in 2014, Davis and Perkins-Veazie (2005) found no difference in L/D ratio but non-grafted 452 

fruit were longer and had a larger circumference. No significant difference in fruit weight or 453 

total yield was reported when comparing non-grafted ‘Charleston Gray’ to plants grafted on 454 

Lagenaria and squash hybrid rootstocks (Bekrhadi et al., 2009). Though not significantly 455 

different, the non-grafted plants yielded 942.9 kg/ha and 2,460.4 kg/ha more than the squash 456 

hybrid rootstock and bottle gourd rootstock, respectively (Bekhradi et al., 2009). In another 457 

study, average fruit weight in non-grafted watermelon and watermelon grafted onto bottle 458 

gourd was similar (Salam et al., 2002). They did show bottle gourd-grafted plants to have 459 

more fruit per plant and higher total yield. However, that trial was conducted on diseased 460 

land in which a large percentage of non-grafted plants died due to “wilt” (the authors do not 461 

indicate the pathogen causing plant death), and hence the higher yields in grafted treatments. 462 

Miguel et al. (2004) demonstrated that when grown on fumigated land, ‘Reina de Corazones’ 463 

watermelon grafted onto ‘Shintoza’ rootstock had significantly heavier fruit than non-grafted 464 
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‘Reina de Corazones’. The authors indicated that grafted plants had increased fruit yield 465 

though it is unclear if this difference is statistically significant. 466 

Fruit Quality Measurements 467 

2013.  There was no significant interaction between rootstock and nitrogen fertilizer 468 

treatment for any of the fruit quality measurements (Table 2.3). Length, diameter, and the 469 

ratio of the two (L/D ratio) were not significantly affected by either of the main effects, 470 

indicating that fruit dimensions remained the same. Soluble solids content (SSC) and flesh 471 

firmness were affected by the main effect of rootstock and nitrogen fertilizer treatment.  C/M 472 

had the highest SSC at 12.9 °brix, significantly higher than M/M with 12.0 °brix (Table 2.5). 473 

SSC in M and S/M were similar at 12.7 and 12.5 °brix, respectively, and intermediate in 474 

response between M/M and C/M. SSC was lowest when no nitrogen was applied (11.7 475 

°brix), and highest at both 126- and 168kg/ha nitrogen (12.8 °brix) (Table 2.6). Though the 476 

main effect of nitrogen fertilizer treatment was significant on SSC (P = 0.0488), the Tukey- 477 

Kramer post hoc separation proved to be too conservative (LSD = 1.11) to show significant 478 

differences between means. The highest flesh firmness was seen in S/M (0.21 kg/cm2), 479 

significantly higher than M/M (0.19 kg/cm2) and M (0.16 kg/cm2) (Table 2.5). The softest 480 

flesh was with fruits harvested from non-grafted plants (M).  481 

 2014. Both fruit length (L) and diameter (D) were affected by the main effect of rootstock; 482 

however, the ratio of these two was not (Table 2.3). The main effect of nitrogen fertilizer was 483 

significant for both L/D ratio and SSC. Finally, there was a significant interaction between 484 

these two effects on flesh firmness.  M had longer fruit (21.5 cm) and wider diameter (20.5 485 

cm) than all grafted cultivars (Table 2.7). No significant difference was seen between the 486 
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grafted varieties for either length or diameter. Because there was no significant effect of 487 

rootstock on L/D ratio we can see that fruit from M were significantly larger but the fruit 488 

shape remained the same across grafted cultivars. L/D ratio was; however, significantly 489 

affected by nitrogen fertilizer treatment (Table 2.3). Plants receiving 252 kg/ha nitrogen had 490 

a higher L/D ratio (1.07), indicating slightly longer fruit compared to those plants receiving 491 

84 kg/ha nitrogen (1.03) and 126 kg/ha (1.03) (Table 2.8).  Soluble solids content was also 492 

significantly affected by nitrogen fertilizer treatment with the highest SSC (12.5 °brix) at 252 493 

kg/ha nitrogen and the lowest at the 0- and 126 kg/ha nitrogen treatment (11.8 °brix). 494 

However, as in 2013 (Table 2.6), the Tukey-Kramer post hoc means separation was not 495 

powerful enough to show significant differences between means even though the main effect 496 

was significant (P = 0.0408).  497 

Results from other studies regarding rootstock-mediated effects on SSC are variable. 498 

Davis and Perkins-Veazie (2005) observed a trend for SSC to decline with grafting, however 499 

this response may also be dependent on scion cultivar. When ‘SF800’ was grafted onto the 500 

bottle gourd rootstock ‘451’ the resultant fruit had SSC values significantly lower than the 501 

non-grafted control. When ‘SS5244’ was grafted onto the same rootstock the SSC tended to 502 

be higher than the non-grafted control. In another study, no significant difference in SSC was 503 

found between non-grafted and grafted fruit for a number of rootstocks (Yetisir et al., 2003). 504 

However, watermelon grafted onto C. maxima and C. moschata produced fruit with 505 

significantly lower SSC compared to fruit from non-grafted and plants grafted onto squash 506 

hybrid and bottle gourd rootstocks. The authors attribute this decline in SSC due to graft 507 

incompatibility with watermelon and C. maxima and C. moschata landraces. 508 
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 Flesh firmness was significantly affected by the interaction of rootstock and nitrogen 509 

fertilizer treatment (Table 2.9). At 0 kg/ha nitrogen M had softer flesh (0.15 kg/cm2) than all 510 

other cultivars. No significant difference was seen between the remaining three cultivars at 511 

this fertilizer rate. Increasing the fertilizer rate to 84 kg/ha nitrogen, M flesh firmness remains 512 

the lowest (0.16 kg/cm2), significantly lower than S/M (0.22 kg/cm2). At 126 kg/ha nitrogen 513 

M remained the softest (0.17 kg/cm2), significantly softer than C/M at 0.23 kg/cm2. S/M was 514 

still relatively firm (0.20 kg/cm2) though not statistically different from either C/M or M. 515 

Similar trends were seen at 168 kgN/ha., with S/M and C/M being firmer and M softer, but 516 

these differences were not significant. Finally, at 252 kg/ha nitrogen M produced the softest 517 

fleshed fruits at 0.16 kg/cm2 with C/M and S/M significantly firmer (0.21 and 0.22 kg/cm2, 518 

respectively). There appears to be widespread agreement in the literature that fruit from 519 

squash hybrid rootstocks has firmer flesh than non-grafted and/or watermelon grafted onto 520 

bottle gourd rootstocks. Davis and Perkins-Veazie (2005) found that, regardless of scion 521 

cultivar, squash rootstocks led to significantly firmer fruit compared to non-grafted 522 

watermelon. They did show that there appears to be differences between gourd rootstocks 523 

and their effect on flesh firmness. The gourd rootstock ‘451’ had fruit that was firmer than 524 

the squash hybrid, whereas the ‘1332’ gourd rootstock led to significantly softer flesh. 525 

Increased flesh firmness was also reported in fruit from watermelon grafted onto either C. 526 

maxima or C. moschata landraces (Yetisir et al., 2003). The values for flesh firmness were 527 

not different between the two Cucurbita rootstocks, but they were significantly higher than 528 

those values from non-grafted fruit and fruit from Lagenaria-rootstock grafted plants. 529 

Similarly, Yamasaki et al. (1994) reported increased flesh firmness in watermelon obtained 530 
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from squash hybrid rootstocks compared to non-grafted watermelon and those on bottle 531 

gourd rootstocks. This increased flesh firmness was attributed to higher α-cellulose content in 532 

the fruit of squash-grafted watermelon (Shinbori et al., 1981). This increase in fruit flesh cell 533 

wall content may be due to the increased levels of cytokinins produced by squash hybrid 534 

rootstocks. Grown under suspension culture, P. vulgaris cells exhibited a doubling in carbon- 535 

compound incorporation in the secondary cell wall when cytokinins were applied to the 536 

solution. The authors observed the development of additional layers in the cell wall in those 537 

cells treated with cytokinins (Robertson et al., 1999).  538 

Leaf Tissue Nutrient Analysis 539 

2013.  The interaction between DAT and nitrogen fertilizer treatment was significant for 540 

calcium, potassium, magnesium, manganese, and nitrogen content (Table 2.10). Zinc content 541 

was significantly affected by the interaction of DAT and rootstock. Boron, copper, iron, 542 

phosphorus, and sulfur content were significantly affected by the main effect of DAT. 543 

Phosphorus and boron content was significantly affected by the main effect of rootstock. 544 

Finally, nitrogen content was significantly affected by interaction of nitrogen fertilizer 545 

treatment and rootstock. 546 

 The highest levels of boron were found in plants receiving 0 kg/ha nitrogen (19.5 547 

ppm), significantly higher than those plants receiving 126- and 168 kg/ha nitrogen (15.9 ppm 548 

and 15.6 ppm, respectively) (Table 2.11). Conversely, the lowest amount of copper was 549 

found in plants receiving 0 kg/ha nitrogen (8.8 ppm), significantly lower than those receiving 550 

84 kg/ha (10.4 ppm). All other rates were intermediate to these two values and not 551 

significantly different.  552 
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 Both boron and phosphorous content significantly decrease over time (Table 2.12). 553 

Copper and sulfur content decrease significantly between 34 DAT and 54 DAT but then 554 

increase significantly from 54 DAT to 72 DAT. Iron content increased between 34 DAT 555 

(95.9 ppm) to 54 DAT (103.0 ppm) and reached its lowest level at 72 DAT. 556 

 Non-grafted ‘Melody’ had the highest boron and phosphorus content (17.2 ppm and 557 

0.308%, respectively) (Table 2.13). Boron levels were lowest in M/M (16.3 ppm), which was 558 

significantly lower than the values seen in M, but not the other grafted cultivars. Phosphorus 559 

levels were lowest in C/M and S/M (0.286% and 0.287%, respectively), both of which were 560 

significantly lower than M. M/M phosphorus levels were intermediate and not significantly 561 

different from any other cultivar. 562 

 Interaction of rootstock and days after transplant (DAT) was significant for zinc 563 

content. The levels of zinc increased in the non-grafted and all grafted vultivars over time 564 

(Table 2.14). The rate at which this increase occurs appeared to be dependent on rootstock. 565 

At 34 DAT there was no significant difference between any of the cultivars. However, at 54 566 

DAT M/M zinc content was lower compared to C/M and S/M. At 72 DAT there was no 567 

difference between C/M (80.7 ppm), M (82.1 ppm), or S/M (82.5 ppm). As seen at 54 DAT, 568 

zinc levels in M/M were significantly lower at 66.1 ppm. 569 

  The interaction of rootstock and nitrogen fertilizer treatment was significant on 570 

magnesium and nitrogen content (Table 2.10). At 0 kg/ha nitrogen C/M had the highest 571 

amount of magnesium (0.84%) than all other varieties (Table 2.15). Non-grafted M and S/M 572 

had the lowest levels of magnesium (0.78%) and M/M was intermediate to all cultivars 573 

(0.81%). Increasing nitrogen fertilizer rates to 126 kg/ha resulted in M and S/M magnesium 574 
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content increasing to 1.04% and 1.06% respectively. Both were significantly higher than that 575 

of M/M (0.82%) but not C/M (0.94%). This trend was seen at 168 kg/ha nitrogen with M/M 576 

(0.87%) being significantly lower than all other cultivars. At 252 kg/ha nitrogen M/M 577 

remained the lowest along with M (0.96%) and C/M with the highest content of magnesium 578 

(1.05%).  579 

 At 0 kg/ha nitrogen there was no difference in nitrogen content for any of the 580 

varieties. At 84 kg/ha the nitrogen content increased in all cultivars from rates seen at 0 581 

kg/ha, but levels in M (3.92%) and M/M (3.80%) were higher than C/M (3.57%) and S/M 582 

(3.58%) (Table 2.15). This trend of increasing nitrogen content with increasing fertilizer 583 

application continued at 126 kg/ha, but no difference was seen between cultivars. While M 584 

continued this trend with 168 kg/ha (4.21%), all other varieties decreased in nitrogen content 585 

from the values at 126 kg/ha. At 252 kg/ha, nitrogen content in M dropped significantly from 586 

its previous levels to 3.75%, whereas C/M and M/M increased and were significantly higher 587 

(3.99% and 4.06%, respectively).  588 

 The interaction of nitrogen fertilizer rate and DAT was significant for calcium, 589 

potassium, magnesium, manganese, and nitrogen (Table 2.10). Calcium content increased 590 

over time, but the only difference between nitrogen fertilizer rate was at 24 DAT with the 591 

highest content at 168 kgN/ha (Table 2.16). Manganese content also increased over time with 592 

mean separation occurring at 54 DAT. Both potassium and nitrogen content decrease with 593 

time. At each DAT, nitrogen content increased with increasing nitrogen fertilizer rates. 594 

Potassium content followed a reverse trend and decreased with increasing nitrogen fertilizer 595 

rates except for 72 DAT at which point potassium content levels were similar. 596 
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2014. The interaction of nitrogen fertilizer treatment and days after transplant was significant 597 

for leaf tissue boron, calcium, potassium, magnesium, manganese and sulfur content (Table 598 

2.17). Boron, manganese, and zinc content were all affected by the interaction of fertilizer 599 

treatment and rootstock. The main effect of rootstock was significant on magnesium and 600 

nitrogen content. Finally, the main effect of DAT was significant for copper, iron, nitrogen, 601 

phosphorus, and zinc content.  602 

 Increasing the amount of nitrogen applied led to a significant increase in both copper 603 

and nitrogen content (Table 2.18). Copper was lowest in treatments receiving 0 kg/ha 604 

nitrogen (11.5 ppm), significantly lower than both the 168 kg/ha and 252 kg/ha treatments 605 

(13.0 ppm and 13.2 ppm, respectively). This trend was also seen in nitrogen content; the 0 606 

kg/ha nitrogen treatment led to 3.66% nitrogen content, significantly lower than the 168 607 

kg/ha and 252 kg/ha fertilizer treatments (4.15% and 4.25%, respectively)  608 

 The highest magnesium content was measured in M (1.5 ppm), with M/M having 609 

significantly lower amounts (1.4 ppm). C/M was again intermediate (1.5 ppm) as was S/M 610 

(1.4 ppm) (Table 2.22). Our results appear to be in agreement with prior authors’ work 611 

regarding higher magnesium content due to squash hybrid rootstocks (‘Carnivor’ and 612 

‘Strongtosa’). Yamasaki et al. (1994) found magnesium content in xylem exudate was 613 

significantly affected by rootstock. Interspecific squash hybrid rootstocks had significantly 614 

higher magnesium content than bottle gourd and non-grafted watermelon at anthesis, 14 days 615 

after pollination, and at fruit maturation. Colla et al. (2010) compared macronutrient 616 

composition in leaves of watermelon given nutrient solutions of two pH levels (6.0 and 8.1). 617 

They found that there was a significant effect of rootstock on magnesium leaf content when 618 
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averaging over the two pH levels. Their results appear similar to ours; watermelon grafted 619 

onto squash hybrid rootstocks (‘PS1313’ and ‘P360’) had significantly higher Mg content 620 

than two bottle gourd rootstocks (‘Macis’ and ‘Argentario’). The authors hypothesize that the 621 

increase in Mg concentration is due to the observed increase in organic acids (citric and 622 

malic acid) exuded from the roots (Colla et al., 2010). Prior work has shown citrate and 623 

malate to be effective in mobilizing cations of macronutrients in alkaline soils (Jones and 624 

Darrah, 1994). 625 

 Nitrogen content was also affected by the main effect of rootstock. The lowest 626 

concentration occurred in S/M (3.84%), significantly lower than M (4.02%) (Table 2.19). 627 

Both C/M and M/M were intermediate to the other two cultivars in their nitrogen content 628 

(3.97% and 3.95%, respectively). Our findings are in agreement with those of Pulgar et al. 629 

(2000) who found leaf nitrate concentrations to be significantly higher in non-grafted 630 

watermelon compared to grafted treatments with three different pumpkin rootstocks. The 631 

authors attribute this decrease in leaf nitrate due to increased nitrate- and nitrite-reductase. 632 

Subsequently, soluble amino acids and proteins were significantly higher in grafted cultivars 633 

than in the non-grafted control.     634 

 Copper, nitrogen, and phosphorus content were highest at 35 DAT (Table 2.20). 635 

These values dropped to their lowest point 70 DAT but then increased significantly, with the 636 

exception being iron. Iron content tended to decrease over time, whereas zinc increased from 637 

75.7 ppm to 89.2 ppm and was reduced to 73.3 (35 DAT, 70 DAT, 84 DAT, respectively). 638 

 Boron content was highest at the 0 kg/ha nitrogen treatments for all three DAT values 639 

(Table 2.21). The highest boron content was at 35 DAT (20.2 ppm), significantly higher than 640 
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that of 126 kg/ha nitrogen (17.0 ppm) and 168 kg/ha nitrogen (16.7 ppm). At 70 DAT all 641 

values were nearly one half the values recorded at 35 DAT, with the 0 kg/ha treatment still 642 

having the highest amount (11.4 ppm), though this value was not significantly different than 643 

any other value within 70 DAT. At 84 DAT, boron content increased from the values seen at 644 

70 DAT, the exception being at 126 kg/ha nitrogen. The 0 treatment at 84 DAT had the 645 

highest boron content. Sulfur content was relatively static throughout the trial, however 646 

differences were obtained at 84 DAT with the 0 kg/ha treatment had higher sulfur content 647 

(0.37%) than the 252 kg/ha treatment (0.31%). Magnesium content at 35 DAT and 70 DAT 648 

was similar across nitrogen treatments. However, at 84 DAT, magnesium content was less at 649 

nitrogen application rates great than 84 kg/ha compared to the 0 kg/ha rate. No significant 650 

difference was noted between fertilizer treatments on calcium content at 35 and 70 DAT. 651 

However, at 84 DAT, values dropped below those seen at 35 DAT except for the 0 kg/ha 652 

treatment (3.42%). This value was significantly higher than that seen in the 126 kg/ha 653 

(2.95%), 168 kg/ha (2.54%), and 252 kg/ha treatment (2.63%). There were no significant 654 

differences for potassium content at any of the three DAT dates. Values across nitrogen 655 

treatments decrease at 70 DAT from the 35 DAT values and then at 84 DAT increase back to 656 

values similar to those seen at 35 DAT. This drop in potassium content may be due to the 657 

increase sink strength of the fruit between 35 and 70 DAT. Fruit and seed have been shown 658 

to be strong sinks for remobilized nutrients such as potassium (Rose et al., 2008). Once all 659 

fruits were harvested, the plant lost the strong nutrient sink and thus less nutrients were 660 

remobilized from the leaves, indicated by the increase in potassium content at 84 DAT. 661 

Finally, manganese content appears to increase with increasing nitrogen fertilizer at 35 DAT. 662 
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These values increase at 70 DAT and we see significant differences appear between 252 663 

kg/ha (132.5 ppm) and the 126 kg/ha (94.7 ppm), 84 kg/ha (77.2 ppm), and 0 kg/ha nitrogen 664 

treatments (77.4 ppm). Values at 84 DAT once again return to those similar to the 35 DAT 665 

values. However, the 252 kg/ha treatment (70.0 ppm) is still significantly different than the 666 

84 kg/ha (47.0 ppm) and 0 kg/ha treatments (50.8 ppm) (Table 2.24).  667 

Conclusion 668 

 Our results show that, when grown in open-field conditions lacking severe biotic or 669 

abiotic stress, the benefits of grafting were generally lacking. Non-grafted watermelon 670 

yielded significantly more fruit than all grafted cultivars in this two-year study; however, 671 

SSC and flesh firmness is improved with grafting. Grafted plants did not utilize nitrogen 672 

more efficiently than non-grafted plants. Future research will be necessary to study the effect 673 

of plastic mulch color and soil temperature on graft compatibility and performance 674 

throughout the growing season. Additionally, further research is needed to investigate the 675 

response of scion-rootstock combinations to illuminate potential production issues due to 676 

incompatibilities or if specific rootstock-scion combinations are needed to achieve yield 677 

benefits. 678 

 679 

 680 

 681 

 682 

 683 

 684 
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Table 2.1. Type III tests of fixed effects on leaf-count, vine length, and flower-count in grafted and non-grafted watermelons, 2013 and 2014. 

 

zLeaf count measured as the number of fully opened leaves averaged from three plants per plot. 
yVine length measured as the length from the base of the plant at soil level to the growth tip of the longest vine averaged from three plants 

per plot. 
xFlower count was measured as the total number of pistillate flowers averaged from three plants per plot. 
wRootstock includes: ‘Melody’ non-grafted control, ‘Melody’ grafted on ‘Macis’ rootstock, ‘Melody’ grafted onto ‘Carnivor’ rootstock, and 

‘Melody’ grafted onto ‘Strongtosa’ rootstock. 
v Nitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3.  
u* = Effect is significant at P ≤ 0.05; ** = Effect is significant at P ≤ 0.001; *** = Effect is significant at P ≤ 0.0001. 
tNS = Effect not significant at P ≤ 0.05. 

 

 

 2013  2014 
 Days after Transplant (DAT) 
 14  21  27  7  14  21  28 

Effect 

Leaf- 

Countz 

Vine 

Lengthy  

Leaf- 

Count 

Vine 

Length  

Flower 

Countx 

 Leaf- 

Count 

Vine 

Length  

Leaf- 

Count 

Vine 

Length  

Leaf-

Count 

Vine 

Length 

 Flower 

Count 

Rootstockw ***u ***  * ***  *  ** ***  ** **  *** ***  *** 

Nitrogenv NSt NS  NS NS  NS  NSt NS  NS NS  NS NS  NS 

Interaction NS NS  NS NS  NS  NS NS  NS NS  NS NS  NS 
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Table 2.2. Main effect of rootstock on leaf-count, vine length, and flower-count in grafted and non-grafted watermelons, 

 2013 and 2014. 

  2013 2013 
 

2014 
 

Days after transplant (DAT) 
 

14 
 

21 
 

27 
 

7 
 

14 
 

21 
 

28 

Rootstock 

Leaf- 

Countz 

(#) 

Vine 

Lengthy 

(cm)  

Leaf- 

Count 

(#) 

Vine 

Length 

(cm)  

Flower 

Countx 

(#)  

Leaf- 

Count 

(#) 

Vine 

Length 

(cm)  

Leaf- 

Count 

(#) 

Vine 

Length 

(cm)  

Leaf- 

Count 

(#) 

Vine 

Length 

(cm)  

Flower 

Countx 

(#) 

C/Mw  

9 as 33 a 
 

23 ab 90 a 
 

4 b 
 

4 as 6.2 b 
 

7 b 17.7 b 
 

20 b 72.8 b 
 

2 b 

Mv 

7 b 24 b 
 

21 b 75 c 
 

5 a 
 

3 b 5.5 c 
 

8 a 21.4 a 
 27 a 

83.4 a 
 

4 a 

M/Mu 

9 a 31 a 
 

25 a 81 bc 
 

4 b 
 

4 a 6.9 a 
 

7 b 16.4 b 
 

21 b 63.8 b 
 

3 b 

S/Mt 

9 a 33 a 
 

22 b 86 ab 
 

4 b 
 

4 a 6.1 b 
 

7 b 15.4 b 
 

19 b 68.6 b 
 

2 b 
zLeaf-count measured as the number of fully opened leaves averaged from three plants per plot. 
yVine length measured as the length from the base of the plant at soil level to the growth tip of the longest vine averaged 

from three plants per plot. 
xFlower count measured as the total number of pistillate flowers averaged from three plants per plot. 
wC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
vM = Non-grafted ‘Melody’ watermelon control. 
uM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
tS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
sMeans separated by rootstock within the same DAT by Tukey-Kramer significant difference, P ≤ 0.05. Means followed 

by the same letter are not significantly different.



 

110 

 

 

 

 

 

 

 

 

Table 2.3. Type III tests of fixed effects on yield and fruit quality in grafted and non-grafted watermelons, 2013 and 2014. 

 2013 
 

2014 

 Yield Measurements  Fruit Quality Measurements  Yield Measurements  Fruit Quality Measurements 

Effect 

Fruit 

per 

plantz 

Average 

Fruit 

Weighty 

Total 

Yieldx  Lw Dv 

L/D 

Ratiou SSCt 

Flesh 

Firmnesss 

 

Fruit per 

plant 

Average 

Fruit 

Weight 

Total 

Yield  L D 

L/D 

Ratio SSC 

Flesh 

Firmness 

Rootstockr *p NSo ***  NS NS NS * ***  *** *** ***  ** *** NS NS *** 

Nitrogenq *** NS *  NS NS NS * NS  NS NS *  NS NS * * NS 

Interaction * NS NS  NS NS NS NS NS  NS NS *  NS NS NS NS * 

zFruit per plant measured as the number of ripe fruit harvested per plant over a three-week period. Fruit considered ripe 

upon senescence of the tendril nearest to the fruit pedicel and bleaching of the ground spot where the fruit rested. 
yAverage fruit weight measured as the total fruit weight divided by the total number of fruit per plot.  
xTotal yield measured as the total fruit weight in kg/ha. 
wL = Average fruit length measured from blossom end to stem end of three representative fruit per plot. 
vD = Average fruit width measured from the middle point of the fruit, perpendicular to the blossom and stem ends, of 

three representative fruit per plot. 
uL/D ratio measured as the average ratio of length to width of three fruit per plot. 
tSoluble solid content was measured using a digital refractometer to analyze juice taken from the center of flesh of three 

fruits. 
sFlesh firmness averaged from five points on the fruit (stem end, blossom end, center, ground spot side, and top side) 

using a penetrometer.  
rRootstock includes: ‘Melody’ non-grafted control, ‘Melody’ grafted on ‘Macis’ rootstock, ‘Melody’ grafted onto 

‘Carnivor’ rootstock, and ‘Melody’ grafted onto ‘Strongtosa’ rootstock. 
q Nitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3.  
p* = Effect is significant at P ≤ 0.05; ** = Effect is significant at P ≤ 0.001; *** = Effect is significant at P ≤ 0.0001. 
oNS = Effect not significant at P ≤ 0.05. 
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Table 2.4. Fruit number and average weight in grafted and non-grafted watermelons, 2013. 

Nitrogen (kg/ha)z Rootstock 

Fruit per Planty 

(#) 

Average fruit 

weightx 

(kg) 

0 C/Mw 1.0 bs 4.45  

0 Mv 1.6 a 4.85  

0 M/Mu 1.4 ab 4.40  

0 S/Mt 1.2 ab 4.67  

84 C/M 1.6 ab 4.54  

84 M 2.1 a 4.99  

84 M/M 1.7 ab 4.85  

84 S/M 1.3 b 4.94  

126 C/M 1.3 c 5.03  

126 M 2.3 a 5.08  

126 M/M 1.9 ab 4.35 

126 S/M 1.4 bc 5.13  

168 C/M 1.3 b 4.63  

168 M 2.0 a 5.13  

168 M/M 1.7 ab 5.08  

168 S/M 1.3 b 4.58  

252 C/M 1.1 c 5.03  

252 M 2.3 a 4.76  

252 M/M 1.9 ab 4.81  

252 S/M 1.6 bc 4.85  
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3. 
yFruit per plant measured as the number of ripe fruit harvested per plant over a three-

week period. Fruit considered ripe upon senescence of the tendril nearest to the fruit 

pedicel and bleaching of the ground spot where the fruit rested. 
xAverage fruit weight measured as the total fruit weight divided by the total number of 

fruit per plot. No mean separation was conducted since this measurement was not 

significantly affected by the rootstock × nitrogen fertilizer interaction. 
wC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
vM = Non-grafted ‘Melody’ watermelon control. 
uM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
tS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
sMeans separated by rootstock within the same nitrogen fertilizer treatment by Tukey-

Kramer significant difference, P ≤ 0.05. Means followed by the same letter are not 

significantly different. 
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Table 2.5. Main effect of rootstock on total yield, SSC, and flesh firmness in 

 grafted and non-grafted watermelons, 2013. 

Rootstock 

Total Yieldz 

(kg/ha) 

SSCy 

(°Brix) 

Flesh Firmnessx 

(kg/cm2) 

C/Mw  25,067.8 cs 12.9 at   0.20 ab 

Mv 43,052.7 a  12.7 ab 0.16 c 

M/Mu 32,387.1 b 12.0 b 0.19 b 

S/Mt 27,182.3 c  12.5 ab 0.21 a 
zTotal yield measured as the total fruit weight in kg/ha. 
ySoluble solid content measured using a digital refractometer to analyze juice 

taken from the center of flesh of three fruits. 
xFlesh firmness averaged from five points on the fruit (stem end, blossom end, 

center, ground spot side, and top side) using a penetrometer.  
wC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
vM = Non-grafted ‘Melody’ watermelon control. 
uM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
tS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
sMeans separated by rootstock by Tukey-Kramer significant difference, P ≤ 

0.05. Means followed by the same letter are not significantly different. 
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Table 2.6. Main effect of nitrogen fertilizer treatment on SSC in grafted and  

non-grafted watermelons, 2013. 
 

zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 

NH4NO3  
ySoluble solid content measured using a digital refractometer to analyze juice taken 

from the heart of three fruits. 
xMeans separated by rootstock by Tukey-Kramer significant difference, P ≤ 0.05. 

Means followed by the same letter are not significantly different. 

*Though the main effect of nitrogen fertilizer treatment was significant (P = 0.0488), 

the Tukey-Kramer separation proved to be too conservative (LSD = 1.11) to show 

significant difference between means. 

 

 

  

Nitrogen (kg/ha)z 

SSCy* 

(°Brix) 

0 11.7 ax 

84 12.7 a 

126 12.8 a 

168 12.8 a 

252 12.5 a 
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Table 2.7. Main effect of rootstock on fruit per plant, average fruit weight, and total 

yield in grafted and non-grafted watermelons, 2014. 

Rootstock 

Fruit per plantz 

(#) 

Average Fruit Weighty 

(kg) 

Total Yieldx 

(kgs/ha) 

Lw 

(cm) 

Dv 

(cm) 

C/Mu  1.3 bq 3.45 b 19,682.5 b 20.2 b 19.1 b 

Mt 2.2 a 3.86 a 35,609.0 a 21.5 a 20.5 a 

M/Ms 1.4 b 3.27 b 18,475.3 b 19.9 b 18.9 b 

S/Mr 1.2 b 3.22 b 16,550.8 b 19.5 b 18.7 b 
zFruit per plant measured as the number of ripe fruit harvested per plant over a three-

week period. Fruit were considered ripe upon senescence of the tendril nearest to the 

fruit pedicel and bleaching of the ground spot where the fruit rested. 
yAverage fruit weight measured as the total fruit weight divided by the total number 

of fruit per plot.  
xTotal yield measured as the total fruit weight in kg/ha. 
wL = Average fruit length measured from blossom end to stem end of three 

representative fruit per plot. 
vD = Average fruit width measured from the middle point of the fruit, perpendicular 

to the blossom and stem ends, of three representative fruit per plot. 
uC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
tM = Non-grafted ‘Melody’ watermelon control. 
sM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
rS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
qMeans separated by rootstock by Tukey-Kramer significant difference, P ≤ 0.05. 

Means followed by the same letter are not significantly different. 
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Table 2.8. Main effect of nitrogen fertilizer treatment on L/D ratio and soluble solids 

content in grafted and non-grafted watermelons , 2014*. 

Nitrogen (kg/ha)z 

L/D 

Ratioy 

SSCx* 

(°Brix) 

 

0    1.05 abw 11.8 a  

84 1.03 b 12.2 a  

126 1.03 b 11.8 a  

168   1.06 ab 12.3 a  

252 1.07 a 12.5 a   
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 

NH4NO3.  
yL/D ratio was measured as the average ratio of length to width of three fruit per plot. 
xSoluble solid content was measured using a digital refractometer to analyze juice taken 

from the heart of three fruits. 
wMeans separated by rootstock by Tukey-Kramer significant difference, P ≤ 0.05. 

Means followed by the same letter are not significantly different. 
*Though the main effect of nitrogen fertilizer treatment was significant (P = 0.0408), the 

Tukey-Kramer separation proved to be too conservative (LSD = 0.747) to show 

significant difference between means. 
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Table 2.9. Fruit quality measures in grafted and non-grafted watermelons, 2014. 

Nitrogen (kg/ha)z Rootstock 

Flesh Firmnessw 

(kg/cm2) 

0 C/Mv 0.21 a 

0 Mu 0.15 b 

0 M/Mt 0.20 a 

0 S/Ms 0.23 a 

84 C/M   0.20 ab 

84 M 0.16 b 

84 M/M   0.19 ab 

84 S/M 0.22 a 

126 C/M 0.23 a 

126 M 0.17 b 

126 M/M 0.18 b 

126 S/M   0.20 ab 

168 C/M 0.21 a 

168 M 0.18 a 

168 M/M 0.17 a 

168 S/M 0.20 a 

252 C/M 0.21 a 

252 M 0.16 b 

252 M/M   0.18 ab 

252 S/M 0.22 a 
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 

NH4NO3.  
yL/D ratio was measured as the average ratio of length to width of three fruit per plot. 
xSoluble solid content measured using a digital refractometer to analyze juice taken 

from the center of flesh of three fruits. 
wFlesh firmness averaged from five points on the fruit (stem end, blossom end, 

center, ground spot side, and top side) using a penetrometer.  
vC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
uM = Non-grafted ‘Melody’ watermelon control. 
tM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
sS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
rMeans separated by rootstock within the same nitrogen fertilizer treatment by 

Tukey-Kramer significant difference, P ≤ 0.05. Means followed by the same letter are 

not significantly different. 
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Table 2.10. Type III tests of fixed effects on leaf tissue chemical nutrient content in grafted and non-grafted watermelon, 2013. 

 Leaf Tissue Chemical Nutrientz 

Effect Boron Calcium Copper Iron Potassium Magnesium Manganese Nitrogen Phosphorus Sulfur Zinc 

Nitrogeny *v * * NS NS ** ** ** NS NS NS 

Rootstockx * NS NS NS NS ** NS * * NS *** 

Nitrogen × Rootstock NSu NS NS NS NS * NS * NS NS NS 

DATw *** *** *** *** *** *** *** *** *** *** *** 

DAT × Nitrogen NS * NS NS * * *** * NS NS NS 

DAT × Rootstock NS NS NS NS NS NS NS NS NS NS * 

DAT × RS × Nitrogen NS NS NS NS NS NS NS NS NS NS NS 

zLeaf tissue chemical nutrient main taken throughout the growing season at 34 DAT, 54 DAT, and 72 DAT. 
yNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3.  
xRootstock includes ‘Melody’ non-grafted control, ‘Melody’ grafted on ‘Carnivor’ rootstocks, ‘Melody’ grafted on ‘Macis’ rootstocks, and 

‘Melody’ grafted on ‘Strongtosa’ rootstock. 
wDAT = Days after transplant. 
v* = Significant at P ≤ 0.05; ** = Significant at P ≤ 0.001; *** = Significant at P ≤0.0001. 
uNS = Not significant at P ≤ 0.05. 
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Table 2.11. Main effect of nitrogen fertilizer treatment on leaf tissue boron and 

 copper content in grafted and non-grafted watermelons, 2013. 

Nitrogen (kg/ha)z 

Borony 

(ppm) 

Copper 

(ppm) 

0  19.5 ax          8.8 b 

84  16.2 ab 10.4 a 

126 15.9 b   10.1 ab 

168 15.6 b     9.9 ab 

252   17.0 ab     9.8 ab 
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 

NH4NO3.  
yLeaf tissue chemical nutrient content determined by collecting one newly 

opened leaf from each plant per plot and then oven dried at 75°C for 48 hours. 

Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a 

complete nutrient analysis. Three samples taken throughout the growing season 

at 34 DAT, 54 DAT, and 72 DAT. 
xMeans separated by nitrogen fertilizer treatment by Tukey-Kramer significant 

difference, P ≤ 0.05. Means followed by the same letter are not significantly 

different. 
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Table 2.12. Main effect of days after transplant (DAT) on leaf tissue boron, copper, 

iron, phosphorus, and sulfur content in grafted and non-grafted watermelons, 2013. 

Days after 

transplant 

Boronz 

(ppm) 

Copper 

(ppm) 

Iron 

(ppm) 

Phosphorus 

(%) 

Sulfur 

(%) 

34  19.9 ay 10.2 a   95.9 b 0.376 a 0.316 a 

54 15.1 b   9.2 b 103.0 a 0.256 b 0.246 c 

72 15.6 b 10.1 a   83.9 c 0.245 b 0.281 b 
zLeaf tissue chemical nutrient content determined by collecting one newly opened 

leaf from each plant per plot and then oven dried at 75°C for 48 hours. Samples 

were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete 

nutrient analysis. Three samples taken throughout the growing season at 34 DAT,  

54 DAT, and 72 DAT. 
yMeans separated by leaf tissue chemical nutrient by Tukey-Kramer significant 

difference, P ≤ 0.05. Means followed by the same letter are not significantly 

different. 
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Table 2.13. Main effect of grafted treatment on leaf tissue boron, and phosphorous  

content in grafted and non-grafted watermelons, 2013. 

 

Rootstock 

Boronz 

(ppm) 

Phosphorous 

(%) 

 

C/My    16.9 abu 0.286 b  

Mx 17.2 a 0.308 a  

M/Mw 16.3 b   0.289 ab  

S/Mv   17.0 ab 0.287 b  
zLeaf tissue chemical nutrient content determined by collecting one newly opened leaf 

from each plant per plot and then oven dried at 75°C for 48 hours. Samples were sent to 

Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. 

Three samples taken throughout the growing season at 34 DAT, 54 DAT, and 72 DAT. 
yC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
xM = Non-grafted ‘Melody’ watermelon control. 
wM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
vS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
uMeans separated by rootstock within leaf tissue chemical by Tukey-Kramer significant 

difference, P ≤ 0.05. Means followed by the same letter are not significantly different. 
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Table 2.14. Interaction of days after transplant (DAT) and rootstock on leaf tissue  

Zinc content in grafted and non-grafted watermelons, 2013. 

Days after transplant Rootstock 

Zincz 

(ppm) 

34 C/My 61.3 a 

34 Mx 61.1 a 

34 M/Mw 52.8 a 

34 S/Mv 53.5 a 

54 C/My 67.6 a 

54 Mx   65.5 ab 

54 M/Mw 55.7 b 

54 S/Mv 69.1 a 

72 C/My 80.7 a 

72 Mx 82.1 a 

72 M/Mw 66.1 b 

72 S/Mv 82.5 a 
zLeaf tissue chemical nutrient content determined by collecting one newly opened 

leaf from each plant per plot and then oven dried at 75°C for 48 hours. Samples were 

sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient 

analysis. Three samples taken throughout the growing season at 34 DAT, 54 DAT, 

and 72 DAT. 
yC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
xM = Non-grafted ‘Melody’ watermelon control. 
wM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
vS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
uMeans separated by rootstock within DAT by Tukey-Kramer significant difference, 

P ≤ 0.05. Means followed by the same letter are not significantly different. 
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Table 2.15. Leaf tissue magnesium and nitrogen content in field-grown grafted and 

 non-grafted watermelon in 2013. 

Nitrogen (kg/ha)z Rootstock 

Magnesiumy 

(%) 

Nitrogen 

(%) 

0 C/Mx 0.84 at 3.14 a 

0 Mw 0.78 b 3.32 a 

0 M/Mv   0.81 ab 3.25 a 

0 S/Mu 0.78 b 3.31 a 

84 C/M 0.88 a 3.57 b 

84 M 0.86 a 3.92 a 

84 M/M 0.81 b 3.80 a 

84 S/M 0.81 b 3.58 b 

126 C/M   0.94 ab 3.93 a 

126 M 1.04 a 4.07 a 

126 M/M 0.82 b 3.94 a 

126 S/M 1.06 a 4.15 a 

168 C/M 1.13 a 3.71 b 

168 M 1.10 a 4.21 a 

168 M/M 0.87 b 3.87 b 

168 S/M 1.02 a 3.87 b 

252 C/M 1.05 a 3.99 a 

252 M   0.96 ab 3.75 b 

252 M/M   0.96 ab 4.06 a 

252 S/M 0.87 b 3.74 b 
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 

NH4NO3.  
yLeaf tissue chemical nutrient content was determined by collecting one newly 

opened leaf from each plant per plot and then oven dried at 75°C for 48 hours. 

Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a 

complete nutrient analysis. Three samples taken throughout the growing season at 

34 DAT, 54 DAT, and 72 DAT. 
xC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
wM = Non-grafted ‘Melody’ watermelon control. 
vM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
uS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
t Means separated by rootstock within the same nitrogen fertilizer treatment by 

Tukey-Kramer significant difference, P ≤ 0.05. Means followed by the same letter 

are not significantly different. 
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Table 2.16. Nitrogen fertilizer treatment by days after transplant interaction on leaf tissue calcium, potassium, magnesium, manganese, and 

nitrogen content in grafted and non-grafted watermelons, 2013. 

 Leaf tissue chemical nutrient contenty 

 Days after transplant (DAT) 
 

34 
 

54 
 

72 

Nitrogen 

(kg/ha)z 

Ca 

(%) 

K 

(%) 

Mg 

(%) 

Mn 

(ppm) 

N 

(%) 
 Ca 

(%) 

K 

(%) 

Mg 

(%) 

Mn 

(ppm) 

N 

(%) 
 Ca 

(%) 

K 

(%) 

Mg 

(%) 

Mn 

(ppm) 

N 

(%) 

0 2.29 abx 1.95 a 0.69 a 30.0 a 3.85 b  2.99 a 1.05 a 0.71 a 67.6 b 3.56 a  4.16 a 0.66 a 0.97 c 93.4 c 2.37 b 

84 2.04 ab 1.95 a 0.67 a 32.7 a 4.41 ab  2.81 a 0.93 ab 0.74 a 76.6 ab 3.87 a  4.38 a 0.61 a 1.11 bc 117.9 b 2.86 ab 

126 1.97 b 1.93 a 0.74 a 34.9 a 4.93 a  2.88 a 0.87 ab 0.83 a 87.2 ab 3.96 a  4.70 a 0.64 a 1.32 a 151.1 a 3.19 a 

168 2.64 a 1.81 a 0.88 a 41.5 a 4.73 a  3.21 a 0.88 ab 0.92 a 88.0 ab 3.89 a  4.53 a 0.64 a 1.29 ab 146.6 a 3.13 a 

252 2.26 ab 1.82 a 0.78 a 40.8 a 4.70 a  2.98 a 0.84 b 0.85 a 92.3 a 3.96 a  4.44 a 0.66 a 1.25 ab 145.8 a 2.99 a 
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3.  
yLeaf tissue chemical nutrient content determined by collecting one newly opened leaf from each plant per plot and then oven dried at 75°C 

for 48 hours. Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. Three samples  

taken throughout the growing season at 34 DAT, 54 DAT, and 72 DAT. 
xMeans separated by nitrogen fertilizer treatment and DAT by Tukey-Kramer significant difference, P ≤ 0.05. Means followed by the same 

letter within the same DAT are not significantly different. 
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Table 2.17. Type III tests of fixed effects on leaf tissue chemical nutrient content in grafted and non-grafted watermelon, 2014. 

 Leaf Tissue Chemical Nutrientz 

Effect Boron Calcium Copper Iron Potassium Magnesium Manganese Nitrogen Phosphorus Sulfur Zinc 

Nitrogeny *v NS * NS NS NS * * NS NS NS 

Rootstockx NSu NS NS NS NS * NS * NS NS NS 

Nitrogen × Rootstock * NS NS NS NS NS * NS NS NS ** 

DATw *** *** *** *** *** *** *** *** *** *** *** 

DAT × Nitrogen ** * NS NS * *** *** NS NS ** NS 

DAT × Rootstock NS NS NS NS NS NS NS NS NS NS NS 

DAT × RS × Nitrogen NS NS NS NS NS NS NS NS NS NS NS 

zLeaf tissue chemical nutrient determined by collecting one newly opened leaf from each plant per plot and then oven dried at 75°C for 48 

hours. Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. Three samples taken 

throughout the growing season at 35 DAT, 70 DAT, and 84 DAT. 
yNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3. 
xRootstock includes ‘Melody’ non-grafted control, ‘Melody’ grafted on ‘Carnivor’ rootstocks, ‘Melody’ grafted on ‘Macis’ rootstocks, and 

‘Melody’ grafted on ‘Strongtosa’ rootstocks. 
wDAT = Days after transplant. 
vNS = Not significant at P ≤ 0.05. 
u* = Significant at P ≤ 0.05; ** = Significant at P ≤ 0.001; *** = Significant at P ≤0.0001. 
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Table 2.18. Mean separation of copper and nitrogen content by nitrogen fertilizer  

treatment in grafted and non-grafted watermelons, 2014. 

Nitrogen (kg/ha)z 

Coppery 

(ppm) 

Nitrogen 

(%) 

0 11.5 cx 3.66 b 

84  11.7 bc 3.70 b 

126    12.6 abc   3.98 ab 

168  13.0 ab 4.15 a 

252 13.2 a 4.25 a 
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 

NH4NO3.  
yLeaf tissue chemical nutrient content determined by collecting one newly opened leaf 

from each plant per plot and then oven dried at 75°C for 48 hours. Samples were sent to 

Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. 

Three samples taken throughout the growing season at 35 DAT, 70 DAT, and 84 DAT. 
xMeans separated by nitrogen fertilizer treatment by Tukey-Kramer significant 

difference, P ≤ 0.05. Means followed by the same letter are not significantly different. 
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Table 2.19. Mean separation of magnesium and nitrogen content by rootstock 

 in grafted and non-grafted watermelons, 2014. 

 

Rootstock 

Magnesiumz 

(ppm) 

Nitrogen 

(%) 

C/My  1.5 au   3.97 ab 

Mx 1.5 a 4.02 a 

M/Mw 1.4 b   3.95 ab 

S/Mv   1.4 ab 3.84 b 
zLeaf tissue chemical nutrient content determined by collecting one newly 

opened leaf from each plant per plot and then oven dried at 75°C for 48 

hours. Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, 

GA) for a complete nutrient analysis. Three samples taken throughout the 

growing season at 35 DAT, 70 DAT, and 84 DAT. 
yC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
xM = Non-grafted ‘Melody’ watermelon control. 
wM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
vS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
uMeans separated by rootstock within leaf tissue chemical by Tukey-Kramer 

significant difference, P ≤ 0.05. Means followed by the same letter are not 

significantly different. 
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Table 2.20. Mean separation of copper, iron, nitrogen, phosphorus, and zinc leaf  

content by days after transplant in grafted and non-grafted watermelons, 2014. 

Days after 

transplant 

(DAT) 

Copperz 

(ppm) 

Iron 

(ppm) 

Nitrogen 

(%) 

Phosphorus 

(%) 

Zinc 

(ppm) 

35  13.8 ay 161.5 a 4.81 a 0.36 a 75.7 b 

70 10.6 c 105.7 b 3.39 c 0.20 c 89.2 a 

84 12.8 b   97.2 b 3.64 b 0.33 b 73.3 b 
zLeaf tissue chemical nutrient content determined by collecting one newly opened leaf 

from each plant per plot and then oven dried at 75°C for 48 hours. Samples were sent 

to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a complete nutrient 

analysis. Three samples taken throughout the growing season at 35 DAT, 70 DAT, 

and 84 DAT. 
yMeans separated by leaf tissue chemical nutrient by Tukey-Kramer significant 

difference, P ≤ 0.05. Means followed by the same letter are not significantly different. 
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Table 2.21. Nitrogen fertilizer treatment by days after transplant interaction on leaf tissue boron, calcium, potassium,  

magnesium, manganese, and sulfur content in grafted and non-grafted watermelons, 2014. 

 Leaf tissue chemical nutrient contenty 

 Days after transplant (DAT) 

 35  70 

Nitrogen 

(kg/ha)z 

B 

(ppm) 

Ca 

(%) 

K 

(%) 

Mg 

(%) 

Mn 

(ppm) 

S 

(%)  

B 

(ppm) 

Ca 

(%) 

K 

(%) 

Mg 

(%) 

Mn 

(ppm) 

S 

(%) 

0 20.2 ax 3.19 a 1.33 a 1.36 a 40.3 a 0.37 a  11.4 a 4.99 a 0.53 a 1.79 a 77.4 c 0.29 a 

84 17.2 ab 3.67 a 1.22 a 1.56 a 46.3 a 0.38 a  9.3 a 4.63 a 0.56 a 1.82 a 77.2 c 0.28 a 

126 17.0 b 3.73 a 1.27 a 1.68 a 47.9 a 0.39 a  8.7 a 4.94 a 0.53 a 1.86 a 94.7 bc 0.30 a 

168 16.7 b 3.59 a 1.26 a 1.61 a 53.6  a 0.39 a  8.4 a 4.98 a 0.51 a 1.82 a 109.1 ab 0.32 a 

252 18.6 ab 3.73 a 1.26 a 1.60 a 67.3 a 0.39 a  8.9 a 4.96 a 0.51 a 1.78  a 132.5 a 0.33 a 
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0 NH4NO3. 
yLeaf tissue chemical nutrient content determined by collecting one newly opened leaf from each plant per plot and 

then oven dried at 75°C for 48 hours. Samples were sent to Waters Agricultural Laboratories, Inc. (Camilla, GA) for a 

complete nutrient analysis. Three samples taken throughout the growing season at 35 DAT, 70 DAT, and 84 DAT. 
xMeans separated by nitrogen fertilizer treatment and DAT by Tukey-Kramer significant difference, P ≤ 0.05. Means 

followed by the same letter within the same DAT are not significantly different. 
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Table 2.21 Continued

 Leaf tissue chemical nutrient contenty 

 Days after transplant (DAT) 

 84 

Nitrogen 

(kg/ha)z 

B 

(ppm) 

Ca 

(%) 

K 

(%) 

Mg 

(%) 

Mn 

(ppm) 

S 

(%) 

0 13.8 a 3.42 a 1.17 a 1.32 a 50.8 a 0.37 a 

84 10.9 ab 2.95 b 1.29 a 1.14 a 47.0 a 0.33 ab 

126 8.7 b 2.53 b 1.25 a 0.99 b 49.8 a 0.32 ab 

168 8.7 b 2.54 b 1.30 a 0.92 b 58.4 a 0.32 ab 

252 9.7 b 2.63 b 1.37 a 0.98 b 70.0 a 0.31 b 
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Table 2.22. Leaf tissue boron, manganese, and zinc content in field-grown grafted and non-grafted 

watermelon, 2014. 

Nitrogen (kg/ha)z Rootstock 

Borony 

(ppm) 

Manganese 

(ppm) 

Zinc 

(ppm) 

0 C/Mx   145.0 ab 43.2 b 73.0 a 

0 Mw 15.5 a   63.3 ab 83.2 a 

0 M/Mv 15.7 a 49.0 b 78.0 a 

0 S/Mu 14.3 b 69.0 a 87.3 a 

84 C/M 11.6 b 61.7 a 77.0 a 

84 M   12.8 ab 50.3 a 68.2 b 

84 M/M 11.3 b 61.3 a 74.6 a 

84 S/M 14.2 a 54.3 a 72.2 a 

126 C/M 11.1 b 64.7 a 77.9 a 

126 M   11.5 ab 62.3 a 79.4 a 

126 M/M   11.4 ab 63.3 a 76.5 a 

126 S/M 11.8 a 66.4 a 78.6 a 

168 C/M 11.2 a 78.8 a 86.5 a 

168 M 11.2 a 69.7 a 78.8 a 

168 M/M 11.2 a 76.3 a 76.2 a 

168 S/M 11.5 a 70.1 a 75.8 a 

252 C/M 12.1 a 86.8 b 86.8 a 

252 M 12.4 a 95.5 a 94.1 a 

252 M/M 12.5 a 91.0 b 83.4 a 

252 S/M 12.6 a 86.4 b 80.3 a 
zNitrogen fertilizer treatments applied via drip irrigation as a solution of 19-0-0NH4NO3. 
yLeaf tissue chemical nutrient content was determined by collecting one newly opened leaf from each 

plant per plot and then oven dried at 75°C for 48 hours. Samples were sent to Waters Agricultural 

Laboratories, Inc. (Camilla, GA) for a complete nutrient analysis. Three samples taken throughout the 

growing season at 35 DAT, 70 DAT, and 84 DAT. 
xC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
wM = Non-grafted ‘Melody’ watermelon control. 
vM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
uS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
t Means separated by rootstock within the same nitrogen fertilizer treatment by Tukey-Kramer 

significant difference, P ≤ 0.05. Means followed by the same letter are not significantly different. 
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Figures 
 

 
Figure 2.1. Effect of nitrogen fertilizer rate on yield in 2013 and 2014. 

‘Melody’ (M) yield 2013: y = 38967+ 32.4(nitrogen), ‘Melody’ grafted onto ‘Carnivor’ 

(C/M) yield 2013: y = 21272 +32.4(nitrogen), ‘Melody’ grafted onto ‘Strongtosa’ (S/M) 

yield 2013: y = 23097 + 32.4(nitrogen), ‘Melody’ grafted onto ‘Macis’ (M/M) yield 2013: y 

= 30170 + 32.4(nitrogen). LOF (P = 0.0861). 

M yield 2014: y = 42356 – 44.0(nitrogen), C/M yield 2014: y = 25213 – 42.7(nitrogen), S/M 

yield 2014: y = 14068 + 22.3(nitrogen), M/M yield: y = 20158 – 5.5(nitrogen). LOF (P = 

0.2289) 
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CHAPTER IV 

 CHARACTERIZATION OF ROOT SYSTEMS IN TOMATO AND TOMATO 

ROOTSTOCKS USING THE MINI-HORHIZOTRON. 

Abstract 

 Grafting of tomatoes, Solanum lycopersicum (L.), onto rootstocks with known disease 

resistance packages is an effective means for managing numerous soil-borne diseases. 

Rootstocks have also been shown to improve scion growth when grown under abiotic stress 

such as drought, suboptimal soil temperatures, and saline soils. The increased yield and 

overall plant growth seen in grafted plants has been attributed to the rootstock’s ability to 

impart vigor. Root growth characteristics play a key role in plant health and productivity. 

However, very little research has been conducted to quantify differences in root system 

architecture and physiology in rootstocks to explain the improved scion response. The 

objective of this study was to quantify and compare root tip density, speed of horizontal root 

growth, and total root length in the commercially available tomato scion (‘Tribute’) and two 

rootstock cultivars (‘Maxifort’ and ‘RST-106’). This study was conducted in Feb. and Mar. 

of 2014. The study contained eight treatments: Non-grafted ‘Tribute’, ‘RST-106’, and 

‘Maxifort’; self-grafted ‘Tribute’, ‘RST-106’, and ‘Maxifort’; and ‘Tribute’ grafted onto 

‘RST-106’ and ‘Maxifort’. All treatments were grown in mini-horhizotrons in a heated 

greenhouse for 28 and 24 days for experiment one and two, respectively. The mini-

horhizotron is a device used to non-destructively observe and measure root growth. The 

‘Maxifort’ genotype produced root systems with up to 80% higher root tip density, 25% 

faster rate of horizontal root growth, and 35% increase in total root length compared to 
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‘Tribute’, with ‘RST-106’ genotype being intermediate to the two. These observed 

differences in ‘Maxifort’ root systems may correlate to the increased yield and vegetative 

vigor reported in the literature when this rootstock is used in greenhouse and field 

production.  

Introduction 

Roots are the critical site of nutrient and water uptake in plants. The intricate soil-root 

interaction has largely been under-researched due to these processes being difficult to 

observe and quantify directly. Nevertheless, the actions and characteristics of roots are a 

major component that determines plant health and productivity. Nowhere is this more evident 

than in discussing nutrient uptake and plant metabolism. Over the past two decades there has 

been a concerted effort in describing how root morphology affects nutrient uptake, especially 

nitrogen (N) in many cereal crops (Garnett et al., 2009). 

Being that roots are the site of N uptake, the logical thought would be that a larger 

root system leads to increased N uptake. However, previous studies have demonstrated that 

more extensive root systems do not lead to increased N uptake. Gallais and Coque (2005) 

found that, at low N levels there was an inverse relationship between root number and yield. 

These results may be due to competition for photosynthate within the plant (Wardlaw, 1990). 

A more robust root system may contend with grain/fruit as a carbon sink, thus decreasing 

yields depending on growing conditions. 

One very important component to the root morphology-nitrogen uptake relationship 

centers around how N acts in the soil solution. Nitrogen is a mobile nutrient within the soil, 

meaning roots need not explore large areas to scavenge N. In corn, for example, 79% of N is 
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supplied to the roots via bulk flow, 20% due to diffusion, and 1% due to direct interception 

of roots with soil nutrients (Barber, 1995; Garnett et al., 2009). Nitrogen uptake efficiency 

(NUE) as a function of root density or depth has more to do with the type of soil than the 

level of N (Garnett et al., 2009). Under more porous conditions, such as sandy soils, a deeper 

root system or one that is more heavily branched is more beneficial for scavenging leached N 

than in heavier soils. Liao et al. (2006) attributed the superior uptake of N in vigorous wheat 

cultivars to the early and extensive growth of horizontal roots, specifically between 0.2-0.7 m 

of the soil profile. They argue that increased root proliferation at an early stage provides the 

plant with N before it is leached and made unavailable to the roots. Consequently, leaching 

of N is reduced since it is intercepted by the extensive root system.  

A number of studies have investigated whether rootstocks in grafted plants can impart 

increased NUE. In watermelon, ‘Early Star’ grafted onto three different rootstocks 

(Cucurbita pepo L. cvs. ‘Shintosa’, ‘Brava’, or ‘Kamel’) had lower levels of nitrate and 

ammonium in their leaves compared to non-grafted ‘Early Star’ controls (Pulgar et al., 2000). 

This reduction was explained by a higher concentration of nitrate reductase (NR) and nitrite 

reductase (NiR) in the grafted watermelon. The researchers also found that grafted plants had 

significantly higher amounts of amino acids, soluble proteins, and dry mass. They suggested 

that grafted watermelons are more efficient in assimilating inorganic N into organic 

compounds. In a similar study, Nie et al. (2010) found watermelon seedlings grafted onto 

Cucurbita ficifolia exhibited increased chlorophyll, stomatal conductance, and internal 

carbon dioxide concentration, all indicating increased photosynthetic capacity. Xylem 

exudate was more abundant in the grafted seedlings and it contained nearly twice as much 
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nitrate in comparison with non-grafted xylem exudate. Extrapolating from the work of Pulgar 

et al. (2000), the increased photosynthetic ability of grafted watermelon seedlings may be 

attributed to higher levels of NR and NiR, which assimilate the increased amount of nitrate 

supplied by the more vigorous rootstock. 

 Ruiz and Romero (1999) conducted a similar experiment using three melon cultivars 

(C melo L. cvs. ‘Yuma’, ‘Melina’, ‘Gallicum’) and three interspecific squash hybrid 

rootstocks (C. maxima x C. moschata cvs.‘Shintosa’, ‘RS-841’, ‘Kamel’). Similar to the 

findings of Pulgar et al. (2000), grafted melons had lower levels of tissue nitrate compared to 

the non-grafted melons. There was also an increase (at least two-fold) in the amount of NR in 

the grafted plants compared to non-grafted controls, corroborating the results found in 

watermelon (Pulgar et al., 2000). However, in contrast to Pulgar et al. (2000), Ruiz and 

Rivero (1999) found that the non-grafted melon plants had higher concentrations of free 

amino acids and soluble proteins. The low concentration of nitrogenous compounds in 

grafted melon plants was suggested to be due to their translocation to the vigorous rootstock.  

Research into NUE in grafted tomatoes is less than that for cucurbits; however, 

results are similar. An experiment was conducted to investigate nutrient uptake in grafted and 

non-grafted tomatoes as a measure of yield and tissue nutrient content (Leonardi and 

Giuffrida, 2006). Plants grafted onto ‘Beaufort’ rootstock had higher concentrations of N, 

phosphorus (P), potassium (K), calcium (Ca), magnesim (Mg), and sulfur (S), with  N, Ca, 

and K almost twice as high in grafted plants than in the non-grafted control. Yield from 

‘Beaufort’ grafted plants was 30% higher than the non-grafted control. Since all grafted 

treatments were subjected to the same fertilizer regime, it was concluded that under these 
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conditions, with rootstock:scion combinations, grafted plants have a higher nutrient uptake 

efficiency as well as nutrient usage efficiency. Unlike N, calcium and potassium are more 

affected by soil cation exchange capacity, and thus the uptake of these ions is exceedingly 

dependent upon the root-soil interaction. 

Schwarz et al. (2012) focused on K uptake in grafted tomatoes. Under saline 

conditions K can be difficult for plants to absorb (Hu and Schmidhalter, 2005). Soil salinity 

is an increasing problem around the world; an estimated 20% to 50% of all irrigated soils are 

affected by salinity (Pitman and Läuchli, 2002). As sources of fresh water are increasingly 

diverted to human population centers and livestock operations, agricultural end users are 

going to face increased pressure to use lower quality water sources, including those that are 

more saline in nature.  Increasing uptake efficiency of potassium in horticultural and field 

crops is one measure critical for production on saline soils. Two tomato cultivars (S. 

lycopersicum L. cvs ‘Classy’, ‘Piccolino’) were self-grafted as controls or grafted onto two 

rootstocks (‘Maxifort’ and ‘Brigeor’); (Schwarz et al., 2012). Under stressed/low K 

conditions both rootstocks were able to reduce the amount of yield loss for ‘Piccolino’ 

grafted plants; however, this was not the case for ‘Classy’ grafted plants. Under low K the 

two rootstocks were able to increase fruit quality characteristics such as fruit size, carotenoid 

content, and firmness. 

 There has been only one study to determine whether rootstock-associated vegetative 

growth vigor is correlated to root morphology in tomatoes. Using the tomato cultivar 

‘Durinta’ as the self-grafted control and scion on two commercially available rootstocks 

(‘Heman’ and ‘Beaufort’), Oztekin et al. (2009) analyzed root characteristics and several 
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vegetative growth measures. Root density in the grafted treatments was 25% higher than the 

self-grafted treatment. They also found that plants grafted onto ‘Beaufort’ rootstock had a 

higher number of root hairs compared to both ‘Heman’ rootstock and self-grafted plants 

(45% and 71% higher, respectively). However, even with the increase in root hairs and root 

density, the grafted treatments did not have higher dry matter or water transpired. The 

authors hypothesize that this is due in part to high substrate exploitation (the authors define 

this as the percentage of the mesh pot with one or more roots coming out of it) of the 

rootstocks as well as low soil water potential. They conclude that even under optimal soilless 

conditions, there was only a slight difference in rootstock genotype even with noticeable 

differences in root features. No study has been conducted with plants grown in soil 

comparing rootstock root systems as Oztekin et al. (2009) did in soilless media.  Hydroponic 

systems offer the plant optimal conditions for growth in a homogenous aqueous solution, 

impacting root development and architecture (Savvas, 2003). The use of soil as a growth 

media is a more realistic means to obtain meaningful results regarding tomato root systems 

that are applicable to field grown plants.  

 The destructive analysis of root dry weight is commonly used to quantify root mass 

and compare root systems. However, 20% to 40% of the root dry weight can be lost during 

the washing and storage of roots for dry weight analysis (Van Noordwijk and Floris, 1979). 

Non-destructive methods to analyze root morphology during plant growth have been 

developed through the use of rhizotrons. These containers can be filled with a substrate of 

choice and, due to their transparent sides, allow for visual examination of root growth. 

Traditional rhizotrons like those developed by Silva and Beeson (2011) or the HorhizotronTM 
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created by Wright and Wright (2004) are excellent tools for analyzing root growth, especially 

horizontal growth, over time. However, both are very large and cumbersome, and more 

useful for working with large woody perennials (Silva and Beeson, 2011; Wright and Wright, 

2004). Smaller rhizotrons are more appropriate for working with herbaceous crops like 

tomatoes when trying to capture the rate of early horizontal root growth that Liao et al. 

(2006) attribute to improved N uptake. A mini-horhizotron has been developed that allows 

for the easy, non-destructive, and sensitive analysis of root systems in small herbaceous 

plants. The mini-horhizotron is composed of three chambers that form a geometric deltoid 

made of six transparent acrylic faces (Figure 3.1). These acrylic faces yield 1260 cm2 of 

surface area for viewing and measuring roots and are covered with a PVC shade panel when 

not in use.  Each mini-horhizotron has a volume of 2.1 L and rests on a triangular PVC board 

907.2 cm2 in area (Judd et al., 2014). In tests growing Echincea purpurea ‘Prairie Splendor’, 

Chrysanthemum ‘Garden Alcala Red’, and Ilex crenata ‘Steeds’ in the mini-horhizotrons, 

there were no physiological differences compared to those same plant species grown in 

nursery containers of similar volume (Judd et al., 2014). 

 Building on the work of both Oztekin et al. (2009) and Liao et al. (2006), the rate of 

soil exploration by horizontal roots in tomato rootstocks needs to be quantified. This 

characteristic will be insightful as to how different rootstocks grow and may add new 

knowledge to earlier research on increased NUE associated with grafted plants. Utilizing the 

mini-horhizotron, a greenhouse experiment was conducted with the following objectives: 1) 

to compare the rate of early horizontal root growth in cross-grafted (the combination of 

different rootstock and scion), self-grafted, and non-grafted tomato plants; and 2) to compare 
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root-tip density, its horizontal location within the substrate, and rate of growth using two 

different commercially available tomato rootstocks. 

Materials and Methods 

This study was conducted in the Marye Anne Fox Science Teaching Laboratory 

Greenhouses on North Carolina State University Campus (NCSU), Raleigh, NC. The 

experiment was conducted twice, with data collection occurring in Feb. 2014 and Mar. 2014. 

The determinate tomato cultivar ‘Tribute’ (Solanum lycopersicum L.; Sakata Seed, Morgan 

Hill, CA) was used as the scion material grafted onto two commercial rootstocks: ‘Maxifort’ 

(S. lycopersicum L. × S. habrochaites S. Knapp and D. M. Spooner; De Ruiter, St. Louis, 

Missouri), and ‘RST-106’ (S. lycopersicum L. × S. habrochaites S. Knapp and D. M. 

Spooner; DP Seeds, Yuma, AZ).  All three selections (two rootstocks and scion) were self-

grafted as well as left non-grafted resulting in a total of eight grafted treatments. The 

rootstock selections used were determined by the Solanaceous vegetable grafting working 

group of the USDA NIFA-SCRI grant 2011-51181-30963. ‘Maxifort’ was chosen for its 

widespread use and availability whereas ‘RST-106’ was chosen for its disease package and 

vigor (J. Freeman,University of FL, personal communication, February 8, 2013). 

All grafting was conducted on NCSU campus. Tomato cultivars were seeded in 72-

cell plug trays (T.O. Plastics, Clearwater, MN) and filled with Carolina’s Choice Specially 

Formulated Peat-Lite Tobacco Mix (Carolina Soil Company, Kinston, NC). For experiment 

one, initial seeding of ‘Maxifort’ occurred on Dec. 11, 2013 followed by seeding of ‘RST-

106’ and ‘Tribute’ on Dec. 13. ‘Maxifort’ was seeded two days earlier due to its slower 

germination rate relative to the other two cultivars. On Dec. 20 all three cultivars were 
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seeded to serve as the non-grafted controls. This one-week delay of seeding was 

implemented to take into account the one-week healing period necessary for the cross-grafted 

and self-grafted treatments. Though not the same chronological age, all treatment plants were 

similar size (four true leaves and a hypocotyl diameter ~2.0 mm) and developmental stage at 

the time of transplanting.  All seedlings were fertilized with a 200 ppm Peters® Professional 

20N-4.4P-16.6K Peat-Lite Special® (The Scotts Co., Marysville, OH) seven days after 

germination.  

Grafting of both cross-grafted (combination of ‘Tribute’ grafted onto one of rootstock 

cultivars) and self-grafted cultivars occurred on Jan. 12, 2014 when seedlings had four true 

leaves and a hypocotyl diameter of approximately 2.0 mm. The tube-grafting technique 

(Rivard and Louws. 2006) was employed and plants were placed in a healing chamber for 

one week until the graft wound was completely healed. The healing chamber utilized was a 

3.1 m x 1.2 m area portion of a mist bench with external frames was covered with four layers 

of 50% black knitted shade cloth (DeWitt Co., MO). Mist with an average droplet size of 65 

microns (CoolNet Pro Fogger, output ~7.5-14mL/nozzle unit/mist event, NetafimTM, Fresno, 

CA) from nozzles suspended 45 cm above plants was applied every four minutes for a 

duration of 6 seconds maintaining a relative humidity of 95% or higher. After 24 hours in the 

healing chamber a single layer of shade cloth was removed each consecutive day thereafter.  

Transplanting of the first experiment occurred on Jan. 24, after the grafted cultivars 

were completely healed. Each of the eight treatments was transplanted into mini-horhizotrons 

filled with Fafard® 4P mix (Sun Gro Horticulture, Agawam, MA). The mini-horhizotron was 

filled to the top with the potting mix, lifted to a height of 10 cm and dropped on a potting 
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bench three consecutive times to tamp down the mix. Additional potting mix was added to 

fill the mini-horhizotron completely. Three replications of each of the eight treatments gave 

24 mini-horhizotrons, which were placed on a greenhouse bench in a completely randomized 

design (CRD);(Figure 3.2). Greenhouse temperatures during the day were maintained at 26.7 

±4 °C and 18.3 ±3 °C at night. Both watering and fertilizing (200 ppm of 20N-4.4P-16.6K) 

occurred once a week.  

Data Collection 

Data collection began when roots touched the transparent acrylic walls of each 

chamber of the mini-horhizotron, which occurred 3 days after transplanting (DAT) for both 

experiments. To measure the rate of horizontal root growth and number of root tips, the three 

42 cm long transparent acrylic walls were divided in half giving six faces for data collection. 

Each face had a beginning point at the center of the mini-horhizotron and an end point at the 

end of each wall (Figure 3.1).  

A sheet of 20.5 cm x 10.5 cm transparency film (3M Visual Systems Division, 

Austin, TX) was marked into five 4 cm x 10.5 cm zones and placed on each face to count the 

number of root tips per zone. In this fashion root tip data were measured as horizontal density 

(root tips/zone) and total (root tips/face). Measurements were taken every three days and 

ended when five roots reached the end wall. These measurements included the number of 

root tips per zone and total number of root tips per face. Speed of horizontal root growth was 

determined and defined as the time at which root tips were first visible in each consecutive 

zone. The rate of horizontal root growth was collected and defined as the time needed for 

five root tips to reach the end of the 20.5 cm wall, touching the end cap (Figure 3.1). 
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For the second experiment, seeding of ‘Maxifort’ occurred on Jan. 17, 2014 and 

‘RST-106’ and ‘Tribute’ on January 19. The non-grafted controls were seeded on Jan. 26. 

Grafting for the second experiment occurred on Feb. 21. Treatments were transplanted on 

March 3 2014. Watering, fertilization, and data collection were identical to the first 

experiment. Root length data were collected 10 DAT and 21 DAT of the second experiment. 

These dates correspond with one week after the first appearance of roots and the end of the 

experiment, respectively. Sheets of 20.5 cm x 10.5 cm transparency film were placed on the 

six faces of each mini-horhizotron for each treatment and all visible roots were traced with 

fine point permanent marker (Sharpie®, Downers Grove, IL). These tracings were then 

scanned (HP Scanjet G3010, Hewlett-Packard, Palo Alto, CA) and saved as jpeg files. A root 

reading software (RootReader 2D version 4.3.1; Cornell University, USDA-ARS, Ithaca, 

NY) measured the length of all traced roots in the file and summed the total accumulated root 

length. 

Data Analysis 

Data were initially pooled but a significant experimental effect was observed for the 

measurements taken. Thus, experiment 1 and 2 were analyzed separately. Data were 

analyzed using SAS version 9.3 (SAS Institute Inc., Cary, NC). Root tips per zone, horizontal 

root growth rate, and total root length was analyzed with PROC GLM. The effects of 

wounding and scion were analyzed using a contrast statement within PROC GLM. 

Wounding was defined as the comparison of non-grafted treatments versus self-grafted 

treatments. The effect of scion was defined as self-grafted rootstock cultivars (‘RST-106’ and 

‘Maxifort’) versus ‘Tribute’ grafted onto ‘RST-106’ and ‘Maxifort’. Residual plots were 
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studied for any violation of the assumptions in ANOVA such as heterogeneity and outliers. 

No violations of these assumptions were found and the data were analyzed without the need 

for transformation. The Fisher’s Least Significant Difference test was utilized as the ad hoc 

method for mean separations. 

Results 

Rate of horizontal root growth 

Experiment 1.  There was no significant scion or wounding effect on the rate of horizontal 

root growth (Table 3.1). Self-grafted ‘Tribute’ (T/T) had the slowest rate of horizontal root 

growth and needed 25 days for five roots to reach the ends of the six walls. Non-grafted 

‘RST-106’ (R) (20 DAT), ‘Maxifort’ (M) (20 DAT), self-grafted ‘Maxifort’ (M/M) (20 

DAT), and ‘Tribute’ grafted onto ‘Maxifort’ (M/T) (21 DAT) had faster rates of horizontal 

root growth compared to T/T.  Self-grafted ‘RST-106’ (R/R) (23 DAT), non-grafted 

‘Tribute’ (T) (23 DAT), and ‘Tribute’ grafted onto ‘RST-106’ (R/T) (23 DAT) were 

intermediate in their rate of horizontal root growth and not significantly different from any of 

the other treatments.  

Experiment 2. The effects of scion and wounding were not significant on horizontal root 

growth rate (Table 3.1). Additionally, there were no significant differences between any of 

the treatments, though T and T/T tended to take longer (22 DAT) than M and M/T (20 DAT 

and 19 DAT, respectively). 

Total number of root tips per mini-horhizotron face 

Experiment 1. The first date of data collection was 3 DAT. At this point M had more root 

tips (6.7) than T/T (0.3), R/R (1.0), R/T (1.3), and M/T (1.7) (Table 3.3). Total root tips for T 
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(2.3), R (3.3), and M/M (1.7) had an intermediate response and were not significantly 

different than any of the other treatments. At 6 DAT M still had the highest number of root 

tips (30.7) the exception being R with 25 root tips. As at 3 DAT, T/T once again had the 

lowest total number of root tips at 9.7. The trend for M to have the most root tips was 

consistent throughout the remainder of the experiment. At 9 DAT M had 47.3 root tips, 

which was significantly higher than T, T/T, and R/R (27.7, 26.7, and 31.3, respectively). A 

very large increase in total root tips was measured between 9 and 12 DAT in all treatments, 

though the increase was less in T/T (75.3 root tips at 12 DAT). M had 225.7 root tips which 

was significantly higher than all other treatments. T/T (75.3 root tips) was significantly lower 

than M, R (140.7), M/M (147.0), and M/T (151.3). At 15 DAT, M had 382.0 root tips and R 

matched this with 382.7. These two treatments were significantly higher than T (212.0) and 

T/T (198.0). The effect of scion was not significant at any point in this experiment (Table 

3.3). However, wounding significantly impacted the number of root tips at 6, 12, and 15 

DAT. The effect of wounding appears to reduce the number of root tips. At 6 DAT non-

grafted plants had 25 root tips compared to 13.2 in self-grafted varieties (Table 3.4). At 9 

DAT non-grafted had 37.9 root tips compared to 32.0 in self-grafted. At 12 DAT non-grafted 

treatments increased to 156.6 root tips with self-grafted at 108.9. Finally, at 15 DAT non-

grafted had 325.6 root tips as compared to 261.1 in self-grafted cultivars. 

Experiment 2. Compared to experiment 1, the number of root tips and rate of increase was 

faster in experiment 2. The trend for M to produce more root tips, as seen in experiment 1, 

was also seen in experiment 2 (Table 3.2). Additionally, T and T/T both produced the lowest 

numbers of root tips, similar to experiment 1. There was no significant difference between 



 

145 

any of the treatments at 3 or 15 DAT. At 6 DAT M and R had the highest number of root tips 

(83.3 and 86.0, respectively) compared to all other treatments. T and T/T had the lowest 

number of root tips (51.0 and 41.0, respectively). R/R, M/M, M/T (68.7, 68.0, 66.0, 

respectively), while significantly lower than M and R, were also significantly higher than T 

and T/T. The large increase in root tip totals that occurred at 12 DAT in experiment 1 appears 

to occur at 9 DAT in experiment 2. Once again, M has the largest number of root tips 

(245.3), larger than T (159.3), R/R (197.7), T/T (141.3), and M/M (186.0). At 12 DAT there 

is a reduced amount of variation between treatments, still following the pattern of M having 

significantly more (261.7) than T (187.0) and T/T (179.7). Both R (277.7) and R/R (257.7) 

had increased root numbers similar to M at this point in the study. Finally, at 15 DAT there 

was no significant difference between any of the treatments, though M still remains the 

highest at 443. Similar to experiment 1, the effect of scion was not significant for total root 

tip numbers (Table 3.3). The effect of wounding, though significant at 6 DAT was not as 

pronounced in experiment 2 (Table 3.3) as it was in experiment 1 (Table 3.3). Nonetheless, at 

6 DAT non-grafted cultivars had more root tips (73.4) than self-grafted (59.2) (Table 3.4). 

Speed of horizontal root growth 

Experiment 1. Speed of horizontal root growth followed a similar trend as seen in total 

number of root tips with M having some of the fastest growth and T/T some of the slowest 

growth (Table 3.5). At 3 DAT M had reached the second zone. This was significantly farther 

than R (0.7), T/T (0.3), R/R (0.7), and R/T (0.7), which did not grow past the first zone. By 6 

DAT M was at 3.3, significantly farther than all other treatments. At this point (6 DAT) there 

was no significant difference between treatments other than M. At 9 DAT M roots were the 
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farthest (3.7), while T/T was slowest (2.0) than all treatments except for R (2.7). By 12 DAT 

M and M/M had reached the last zone (5.0). T/T was still significantly slower than these two 

treatments at 3.7. All other varieties tended to be slower than M and M/M, though not 

significantly so. Finally at 15 DAT all treatments had reached the fifth zone. The effect of 

scion was not significant on the speed of horizontal root growth nor was wounding except for 

9 DAT (Table 3.6). At this time non-grafted treatments were at 3.1 zones whereas the self-

grafted were significantly slower at 2.6 (Appendix Table A-3.1). 

Experiment 2. The speed of root growth in the second experiment was more brisk than that 

of experiment 1. The initial significant difference at 3 DAT in experiment 1 was not seen in 

the second experiment (Table 3.5). All treatments were at or near 1.3 zones. However, at 6 

DAT M grew fastest and grew into zone 4. At 9 DAT both M and R had reached the fifth 

zone. These two non-grafted rootstocks were significantly faster than T/T and R/R as growth 

lagged into zones. All other treatments ranged in the zone between 4.0 and 4.3 and were not 

significantly different from the fastest or slowest treatments. By 12 DAT all treatments had 

reached the fifth zone. Similar to experiment 1, the effect of scion was not significant, but 

wounding was significant at 9 DAT (Table 3.6). As in trial 1, the non-grafted treatments at 9 

DAT were faster growing (4.7) than the self-grafted treatments (3.8) (Appendix Table A-

3.1). 

Horizontal root tip density 

Experiment 1. Horizontal root tip density was measured as the number or root tips per 4 cm 

x 10.5 cm zone on each face of the mini-horhizotron once each treatment had five root tips 

reach the end walls of the mini-horhizotrons. Significant differences in horizontral root tip 
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density were measured between treatments and zones; however, there was not a treatment × 

zone interaction (Appendix Table A-3.2). There was no significant effect of either scion or 

wounding treatments on horizontal root tip density (Appendix Table A-3.3). Root tip density 

was highest in T/T while T, M/M, and M/T, were all significantly lower density (Table 3.7). 

The number or root tips decreased the farther each zone was from the root ball (Table 3.8). 

Zone 1 (the closest to the root ball) had the highest number of roots (26.8). Zone 2 was 

significantly lower (22.9), followed by zone 3 (16.9). Zones 4 and 5 were both significantly 

less than zone 3. 

Experiment 2. Unlike the first experiment, there was a significant treatment by zone 

interaction on horizontal root tip density in experiment 2 (Appendix Table A-3.2). The effect 

of wounding was also significant (Appendix Table A-3.3). There was no significant 

difference in root tip density for any of the treatments in zones one and two (Table 3.9). 

However, in zone three T/T, R/T, and T had significantly lower root tip density (17.6, 18.0, 

and 18.0, respectively) compared to R (25.6). Treatments M (21.6), M/M (22.0), and M/T 

(21.9) were not significantly different from any of the other treatments. In zone four, 

varieties M (20.9) and M/T (21.7) are able to maintain root tip densities almost identical to 

the previous zone. In all other treatments the root tip density is less in zone four than three. 

Though root tip densities for T (16.3), R (20.5), R/R (17.7), and M/M (19.7) are lower in 

zone four than in zone three, these varieties were not significantly different than M or M/T 

within zone four. T/T remained the lowest (13.9) as did R/T (14.4), which were significantly 

lower than M and M/T. All treatments showed an increase of root tip numbers at the fifth 

zone. However, similar treatment trends were seen in this zone. Both M and M/T had the 
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highest number of root tips (38.2 and 39.1, respectively). R was slightly lower, though not 

significantly so, at 30.4. All other treatments were significantly lower than M and M/T in 

their root tip density in this final zone. T/T had the lowest number of root tips at 17.6. As 

mentioned earlier, the effect of wounding was significant on the overall root tip density with 

non-grafted plants having a higher number or root tips per zone, 23.7 versus 19.9 in self-

grafted (Appendix Table A-3.4). 

Total root length per mini-horizotron face 

Total root length per face was measured twice during the second experiment. At 10 DAT 

(one week after the first appearance of roots), M had the longest total length of 128.1 cm 

(Table 3.10). This was higher than T (75.8 cm), R (84.7 cm), T/T (65.8 cm), R/R (77.9 cm), 

and R/T (78.4 cm), though these treatments were not different from one another. Both M/M 

and M/T were intermediate and not significantly different from any of the other treatments 

(94.9 cm and 96.9 cm, respectively). At 10 DAT the effect of scion was not significant on 

total root length, however wounding was. Non-grafted treatments were significantly longer 

(96.2 cm) than self-grafted (79.6 cm) (Appendix Table A-3.5). At 21 DAT M/T had the 

longest roots (482.9 cm), significantly longer than R/R (418.7 cm), R/T (405.6 cm), T/T 

(349.7 cm), and T (356.9 cm). R (447.4 cm), M (442.3 cm), and M/M (436.3 cm), were 

shorter, but not significantly so, than M/T (Table 3.10). The effect of wounding at 21 DAT 

was not significant on total root length, as seen at 10 DAT, nor was the effect of scion. 

Discussion 

 To date there has been no research which used non-destructive characterization of 

root architecture and growth patterns in tomato rootstocks. Oztekin et al. (2009) were the first 
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to focus on tomato rootstock root characteristics through destructive measurements. The 

authors demonstrated that certain rootstocks have significantly higher numbers of root hairs 

and root density compared to self-grafted scion material. However, the authors did not find 

that these differences manifested in increased plant biomass or water transpired. It should be 

noted that these experiments were conducted in greenhouse hydroponic systems, which 

might differ if grown in open field culture. Unlike hydroponic systems, soils impose 

significantly more impedance to growth (Atwell, 1993). This impedance can alter root 

architecture such as root density, biomass, and length (McMichael and Quisenberry, 1993). 

Additionally, drying soils affect overall root elongation, depth, and density (McMichael and 

Quisenberry, 1993). The results Oztekin et al. (2009) observed could be very different from 

plants grown under field conditions. Accordingly, the authors state that their results may be 

due to the high soil exploration seen in the porous perlite media used as well as the low soil 

water potential.  

 As a means to simulate similar soil conditions that plants might experience in field or 

greenhouse conditions, we utilized the newly develop mini-horhizotron systems. This new 

technology enabled non-destructive analysis of total root tip number, speed of horizontal root 

growth, root tip density, and root length. Root measurements using horhizotrons for plants at 

a young stage strongly correlate with root measurements in field-grown plants. Brar et al. 

(1990) found that the use of slant tubes and growth pouches, both of which impose a soil-

glass impedance and are used to observe root growth, gave root growth measurements in 

field legumes that correlated with that of the same plants grown in-field at 30-35 days after 

planting. 
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 In both experiments the effect of wounding was significant on numerous occasions. 

More specifically, in cases where the effect of wounding was significant, those plants that 

were non-grafted had significantly higher values of root tips (Table 3.4), root tip density 

(Appendix table A-3.4), and total root length (Appendix Table A-3.5). Though responses 

differ among species, reduction in root growth through wound-induced jasmonic acid 

signaling has been observed (Schmidt and Walter, 2010). Our results are most likely due to 

wound-induced reduction in root growth.  

 The ‘Maxifort’ rootstock genotype had the highest values of root tips, total root 

length, and the fastest rate of horizontal root growth. While ‘Tribute’ root tip density was less 

as the roots were farther from the root ball, ‘Maxifort’ appears to maintain high root tip 

density even with increasing distance from the root ball (Table 3.9). This rootstock is 

considered very vigorous and has proven to increase vegetative matter, in several scion 

cultivars, including increased leaf area and leaf fresh weight (Di Gioia et al., 2010).  

 Increased N uptake in vigorous cultivars of crops like corn and wheat has been 

attributed to heavy root branching and higher rates of horizontal root growth  (Garnett et al., 

2009; Liao et al., 2006a). ‘Multifort’, which is genetically closely related to ‘Maxifort’, 

proved to be more efficient in its use of N compared to non-grafted controls (Djidonou et al., 

2013). The location of the trials by Djidonou et al. was in Florida in a Blanton-Foxworth-

Alpin Complex sandy soil, which more easily leach N. Consequently, one theory for the 

results proposed by these authors is ‘Multifort’ may more quickly intercept N before it is 

leached out of the soil due to its increased rate of horizontal root growth and root tip density. 
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 One aspect not analyzed in our experiments was production of endogenous hormones, 

with the primary focus being on cytokinin biosynthesis. Root tips are commonly accepted as 

the primary sites of cytokinin biosynthesis  (Aloni et al., 2005; Mok and Mok, 1994). Root-

to-shoot hormonal movement appears to be altered in grafted plants, leading to changes in 

scion growth and development (Pérez-Alfocea et al., 2010). Rootstocks that constitutively 

express ipt (isopentenyltransferase, associated with cytokinin biosynthesis) significantly 

increased the amount of cytokinin in shoots of the wild-type scion compared to self-grafted 

wild-type. Furthermore, this rootstock imparted greater salt tolerance and significantly 

increased yield compared to self-grafted wild-type. The authors attribute these findings to the 

increased cytokinin concentrations being translocated to the scion (Ghanem et al., 2011). 

Cytokinin’s putative role in increasing salt tolerance appears to be its ability to alter source-

sink strength, especially in regards to the movement of potassium  (Albacete et al., 2009; 

Pérez-Alfocea et al., 2010). Prior studies have shown ‘Maxifort’ and other rootstocks to 

improve yield in plants grown in saline conditions  (Estañ et al., 2005; Tüzel et al., 2008). 

From the results observed in our mini-horhizotron experiments, we theorize that ‘Maxifort’s 

improved salt tolerance may be due to increased levels of cytokinins derived from the higher 

number of root tips. 

Conclusion 

 The mini-horhizotron can be used as a tool for the non-destructive analysis of root 

architecture and growth characteristics. To date, no study has compared rootstock root 

characteristics when grown in soil. Further research is needed to understand the effect of 

increased root tips and/or root growth rate on production. Additionally, comparisons must be 
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made between root tip numbers and endogenous cytokinin levels. Finally, studies are needed 

to determine if a correlation exists between root characteristics and tolerance to abiotic stress 

such as drought, flooding, and decreased or increased soil temperatures as well as imparting 

vigor to the scion. This study found the ‘Maxifort’ genotype to have increased root length, 

root tip density, and faster rate of horizontal root growth compared to ‘Tribute’ and ‘RST-

106’ which may play a role in the increased vigor and tolerance to abiotic stress previously 

observed in this rootstock. 
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Tables 

Table 3.1. Rate of horizontal root growth of cross-grafted, non-grafted, and self-grafted tomatoes 

grown in mini-horhizotrons for experiments 1 and 2. 

 Horizontal root growth ratez 

 Experiment 1  Experiment 2 

Treatment Days after transplant (DAT) 

Tribute (T) 23 ab\y   22 a  

RST-106 (R) 20 b   20 a  

Maxifort (M) 20 b   20 a  

Tribute/Tribute (T/T) 25 a   22 a  

RST-106/RST-106 (R/R) 23 ab   21 a  

Maxifort/Maxifort (M/M) 20 b   21 a  

RST-106/Tribute (R/T) 23 ab   22 a  

Maxifort/Tribute (M/T) 21 b   19 a  

Significancex Woundingw Scionv  Wounding Scion 

 NS NS  NS NS 
zHorizontal root growth rate was measured as the time necessary for three roots to reach the 20.5 cm 

length of the acrylic wall. 
yMeans followed by the same letter within the same DAT are not significantly different based on the 

protected LSD (P = 0.05). 
xSignificance = * and NS represent significant effects when P ≤ 0.05 and nonsignificant response, 

respectively. 
wWounding = Comparison of non-grafted treatments (T, R, M) versus self-grafted treatments (T/T, 

R/R, M/M). 
vScion = Comparison of self-grafted rootstock varieties (R/R, M/M) versus rootstock varieties with 

‘Tribute’ scion (R/T, M/T). 
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Table 3.2. Total number of visible root tips in non-grafted, self-grafted, and cross-grafted tomato varieties grown in mini-

horhizotrons for experiments 1 and 2. 

 Total number of root tipsz 

 Experiment 1  Experiment 2 

 Days after transplant (DAT) 

Treatment 3 6 9 12 15  3 6 9 12 15 

Tribute      2.3 aby 19.3 bc 27.7 b 103.3 bc 212.0 bc    9.7 a 51.0 cd 159.3 cd 187.0 b 394.0 a 

RST-106      3.3 ab 25.0 ab 38.7 ab 140.7 b 382.7 a  14.0 a 86.0 a 200.7 abc 277.7 a 391.7 a 

Maxifort      6.7 a 30.7 a 47.3 a 225.7 a 382.0 a  15.3 a 83.3 a 245.3 a 261.7 a 443.0 a 

Tribute/Tribute       0.3 b  9.7 d 26.7 b  75.3 c 198.0 c  11.3 a 41.0 d 141.3 d 179.7 b 331.7 a 

RST-106/RST-106      1.0 b  11.3 cd 31.3 b 104.3 bc 277.7 abc  14.3 a 68.7 b 197.7 bc 257.7 a 360.7 a 

Maxifort/Maxifort      3.7 ab 18.7 bcd 38.0 ab 147.0 b 307.7 abc  17.7 a 68.0 b 186.0 bcd 230.0 ab 325.7 a 

RST-106/Tribute     1.3 b 16.3 bcd 34.3 ab 111.0 bc 290.3 abc  17.3 a 63.3 bc 215.3 ab 218.7 ab 374.3 a 

Maxifort/Tribute     1.7 b 18.3 bcd 36.7 ab 151.3 b 309.0 ab  16.7 a 66.0 b 198.3 abc 244.3 ab 411.3 a 
zTotal number of root tips was calculated as the sum of the number of root tips counted for the entire mini-horhizotron. 
yMeans followed by the same letter within the same DAT are not significantly different based on the protected LSD (P = 0.05). 
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Table 3.3. Wounding and scion effects on the total number of root tips in tomatoes grown in mini-

horhizotrons for experiments 1 and  2.  

 Experiment 1  Experiment 2 

 Days after transplant (DAT) 

Treatment 3 6 9 12 15  3 6 9 12 15 

Woundingz NSx **w NS * *  NS *w NS NS NS 

Sciony NS NS NS NS NS  NS NS NS NS NS 
zWounding = Comparison of non-grafted treatments (T, R, M) versus self-grafted treatments (T/T, 

R/R, M/M). 
yScion = Comparison of self-grafted rootstock cultivars (R/R, M/M) versus rootstock cultivars with 

‘Tribute’ scion (R/T, M/T). 
xNS= Not significant at P = 0.05. 
w* = significant at P ≤ 0.05; ** = significant at P ≤ 0.001;*** = significant at P ≤ 0.0001. 
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Table 3.4. Total number of visible root tips in non-grafted, self-grafted tomatoes grown in 

mini-horhizotrons for experiments 1 and 2. 

 Total number of root tipsz 

 Experiment 1  Experiment 2  

 Days after transplant (DAT) 

Treatment 3 6 9 12 15  6 

Non-graftedy   4.1 aw 25.0 a  37.9 a 156.6 a 325.6 a  73.4 a 

Self-graftedx 1.7 a 13.2 b 32.0 b 108.9 b 261.1 b  59.2 b 
zTotal number of root tips was calculated as the sum of the number of root tips counted on a 

per-plant basis. 
yNon-grafted = pooled ‘Maxifort’, ‘Tribute’, and ‘RST-106’ treatments. 
xSelf-grafted= pooled ‘Maxifort/Maxifort’, ‘Tribute/Tribute’, ‘RST-106/RST-106’ 

treatments. 
wMeans followed by the same letter within the same DAT are not significantly different 

 based on the protected LSD (P = 0.05). 
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Table 3.5. Speed of horizontal root growth in non-grafted, self-grafted, and cross-grafted tomato cultivars grown in mini-horhizotrons for 

experiments 1 and 2.z 

 Zoney 

 Experiment 1  Experiment 2 

 Days after transplant (DAT) 

Treatment 3 6 9 12 15  3 6 9 12 

Tribute       1.3 abcx 2.0 b 3.0 ab        4.7 ab 5.0 a  1.3 a 2.7 b 4.0 ab 5.0 a 

RST-106    0.7 bc 1.7 b 2.7 bc        4.7 ab 5.0 a  1.0 a 2.7 b 5.0 a 5.0 a 

Maxifort 2.0 a 3.3 a       3.7 a  5.0 a 5.0 a  1.3 a 4.0 a 5.0 a 5.0 a 

Tribute/Tribute  0.3 c 1.7 b       2.0 c        3.7 b 5.0 a  1.3 a 2.7 b 3.7 b 5.0 a 

RST-106/RST-106    0.7 bc 2.0 b 2.7 bc        4.0 ab 5.0 a  1.3 a 3.0 b 3.7 b 5.0 a 

Maxifort/Maxifort   1.7 ab 2.3 b 3.0 ab        5.0 a 5.0 a  1.7 a 2.7 b 4.0 ab 5.0 a 

RST-106/Tribute   0.7 bc 2.0 b 3.0 ab        4.7 ab 5.0 a  1.3 a 3.0 b 4.3 ab 5.0 a 

Maxifort/Tribute     1.0 abc 2.0 b 3.0 ab        4.7 ab 5.0 a  1.3 a 3.0 b 4.3 ab 5.0 a 
zSpeed of horizontal root growth was defined as the farthest zone in which a root tip was present at each DAT. 
yZone = 4 cm x 10.5 cm area marked on a sheet of 20.5 cm x 10.5 cm transparency film. Zone 1 was closest to the transplanted root ball, zone 

5 was the farthest towards the end of the 20.5 cm wall. 
xMeans followed by the same letter within the same DAT are not significantly different based on the protected LSD (P = 0.05). 
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Table 3.6. Wounding and scion effects on the speed of horizontral root growth in tomatoes grown in 

mini-horhizotrons for experiments 1 and 2.z 

 Experiment 1  Experiment 2 

 Days after transplant (DAT) 

Treatment 3 6 9 12 15  3 6 9 12 

Woundingy NSw NS *v NS NS  NS NS * NS 

Scionx NS NS NS NS NS  NS NS NS NS 
zSpeed of horizontal root growth was defined as the farthest zone in which a root tip was present at 

each DAT. 
yWounding = Comparison of non-grafted treatments (T, R, M) versus self-grafted treatments (T/T, 

R/R, M/M). 
xScion = Comparison of self-grafted rootstock cultivars (R/R, M/M) versus rootstock cultivars with 

‘Tribute’ scion (R/T, M/T). 
wNS= Not significant at P = 0.05. 
v* = significant at P ≤ 0.05. 
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Table 3.7. Horizontal root tip density in non-grafted, self-grafted, and cross-grafted tomato  

cultivars grown in mini-horhizotrons for experiment 1. 

Treatment Horizontal root densityz 

Tribute    16.5 by 

RST-106  19.5 a 

Maxifort 19.2 a 

Tribute/Tribute  20.0 a 

RST-106/RST-106  18.5 a 

Maxifort/Maxifort 16.9 b 

RST-106/Tribute 18.6 a 

Maxifort/Tribute 15.4 b 
zHorizontal root tip density = Mean number of root tips per 4 cm x 10.5 cm zone.  
yMeans followed by the same letter are not significantly different based on the protected  

LSD (P = 0.05). 
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Table 3.8. Root tip number per 4 cm x 10.5 cm zone for non-grafted, self-grafted, and cross-

grafted tomatoes grown in mini-horhizotrons for experiment 1. 
 

 

 

 

 

 

 

zZone = 4 cm x 10.5 cm area marked on a sheet of 20.5 cm x 10.5 cm transparency film. 

 Zone 1 was closest to the transplanted root ball; zone 5 was the farthest towards the end of 

the 20.5 cm wall. 
yMeans followed by the same letter are not significantly different based on the protected 

LSD (P = 0.05). 

 

Zonez Root number  

1 26.8 ay 

2 22.9 b 

3 16.9 c 

4 12.0 d 

5 11.9 d 
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Table 3.9. Horizontal root tip density in non-grafted, self-grafted, and cross-grafted tomato cultivars 

grown in mini-horhizotrons for experiment 2. 

 Root number 

 Zone 

Treatment 1 2 3 4 5 

Tribute  23.6 ay 24.3 a 18.0 bc 16.3 abc 22.7 bc 

RST-106  22.5 a 25.6 a 25.6 a 20.5 ab 30.4 ab 

Maxifort  21.4 a 21.7 a 21.6 abc 20.9 a 38.2 a 

Tribute/Tribute  17.3 a 18.8 a 17.6 c 13.9 c 17.6 c 

RST-106/RST-

106  
20.4 a 21.7 a 24.1 ab 17.7 abc 22.3 bc 

Maxifort/Maxifort  18.7 a 22.4 a 22.0 abc 19.7 abc 25.7 bc 

RST-106/Tribute  21.9 a 19.3 a 18.0 bc 14.4 bc 23.1 bc 

Maxifort/Tribute 20.1 a 22.6 a 21.9 abc 21.7 a 39.1 a 
zHorizontal root tip density = Mean number of root tips per 4 cm x 10.5 cm zone.  
yMeans followed by the same letter are not significantly different based on the protected LSD (P = 

0.05). 
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Table 3.10. Total root length at 10 and 21 days after transplantingz in non-grafted, 

self-grafted, and cross-grafted tomato cultivars grown in mini-horhizotrons for 

experiment 2. 

 

Total root lengthy 

(cm) 

 Days after transplant (DAT) 

Treatment 10 21 

Tribute (T) 75.84 bx 356.97 c 

RST-106 (R) 84.73 b 447.39 ab 

Maxifort (M) 128.13 a 442.33 ab 

Tribute/Tribute (T/T) 65.83 b 349.72 c 

RST-106/RST-106 (R/R) 77.89 b 418.68 b 

Maxifort/Maxifort (M/M) 94.99 ab 436.25 ab 

RST-106/Tribute (R/T) 78.39 b 405.61 bc 

Maxifort/Tribute (M/T) 96.86 ab 482.86 a 

 
  

Woundingw *u NS 

Scionv NSt NS 
z10 and 21 days after transplant correspond with one week after the first appearance 

of roots and end of the experiment, respectively.   
yTotal root length was measured by placing sheets of 20.5 cm x 10.5 cm 

transparency film onto the six faces of each treatment and all visible roots were 

traced and the resultant tracing was scanned and analyzed with RootReader 2D 

version 4.3.1 software. 
xMeans followed by the same letter within the same DAT are not significantly 

different based on the protected LSD (P = 0.05). 
wWounding = Comparison of non-grafted treatments (T, R, M) versus self-grafted 

treatments (T/T, R/R, M/M). 
vScion = Comparison of self-grafted rootstock varieties (R/R, M/M) versus 

rootstock varieties with ‘Tribute’ scion (R/T, M/T). 
u* = significant at P ≤ 0.05; ** = significant at P ≤ 0.001; *** = significant at 

 P ≤ 0.0001. 
t NS= Not significant at P = 0.05.
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Figures 

 

 

Figure 3.2. Schematic drawing of mini-Horhizotron. This schematic was developed by Ms. 

Leslie A. Judd and published in 2014. (Judd et al. 2014) 
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          Figure 3.2. Layout of all treatments on greenhouse bench for experiment 2. 
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Figure 3.3. Number of root tips per plant in non-grafted, self-grafted, and cross-grafted 

tomatoes grown in mini-horhizotrons in experiment 1.  
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Figure 3.4. Number of root tips in non-grafted, self-grafted, and cross-grafted tomatoes 

grown in mini-horhizotrons in experiment 2. 
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Appendix A: Chapter II 
 

 

 

 

Table A-1.1. Soil test results from watermelon field at the Sandhills Research Station, Jackson Springs, NC.Z 

HM% W/VY CECX BS% Ac pH P-I K-I Ca% Mg% S-I Mn-I 

Mn-

Al Zn-I Zn-AI Cu-I NaX 

0.60 1.45 5.6 91 0.5 6.4 217 60 59 27 57 76 49 187 187 158 0.1 
ZSoil tests utilizing the Mehlich-3 extraction were conducted at the NCDA&CS Agronomic Division laboratory, Raleigh, NC 

in December, 2012. 
YW/V in g/cm3. 
XCEC and NA in mew/100 cm3. 
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Table A-1.2. Average monthly weather data from Sandhills Research Station in 2013 and 2014. 

 Month 

 May- 13 Jun-13 Jul-13 Aug-13 May-14 Jun-14 July-14 Aug-14 

Daily min. (°C) 
19.3 23.5 24.8 23.8 21.4 25.1 25.4 24.6 

Daily max.(°C) 
24.7 28.9 29.7  28.9 28.0 31.7 31.7 30.1 

Daily Average (°C) 
14.1 19.3 21.4 19.8 15.1 19.3 20.5 20.1 

Precipitation (cm) 
12.4 36.0 46.3 4.3 10.9 1.7 7.2 9.2 

Average PAR (µmol·s-1·m-2) 509.42 482.66 442.45 446.59 564.49 574.22 499.55 440.88 

Data retrieved from the State Climate Office of North Carolina CRONOS Database. 
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Appendix B: Chapter III 

 

 

Table A-2.1. Soil test results from watermelon field at the Sandhills Research Station, Jackson Springs, NC.Z 

HM% W/VY CECX BS% Ac pH P-I K-I Ca% Mg% S-I Mn-I 

Mn-

Al Zn-I 
Zn-

AI Cu-I NaX 

0.76 1.49 3.6 73 1.0 6.0 135 20 53 16 24 58 45 157 157 127 0.0 
ZSoil tests utilizing the Mehlich-3 extraction were conducted at the NCDA&CS Agronomic Division laboratory, Raleigh, NC 

in December, 2012. 
YW/V in g/cm3. 
XCEC and NA in mew/100 cm3. 
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Table A-2.2. Averages of monthly weather data from Sandhills Research Station in 2013 and 2014. 

 Month  

 May- 13 Jun-13 Jul-13 Aug-13 May-14 Jun-14 July-14 Aug-14  

Daily Soil Temp. max. (°C) 25.2 29.4 30.5 33 28.5 33.1 32.6 30.2  

Daily Soil Temp. Mean (°C) 21.9 26.2 27.9 29.8 24.5 28.8 28.9 27.3  

Daily min. (°C) 19.3 23.5 24.8 23.8 21.4 25.1 25.4 24.6  

Daily max.(°C) 24.7 28.9 29.7 28.9 28.0 31.7 31.7 30.1  

Daily Average (°C) 14.1 19.3 21.4 19.8 15.1 19.3 20.5 20.1  

Precipitation (cm) 12.4 36.0 46.3 4.3 10.9 1.7 7.2 9.2  

Average PAR (µmol·s-1·m-2) 509.42 482.66 442.45 446.59 564.49 574.22 499.55 440.884  

Data retrieved from the State Climate Office of North Carolina CRONOS Database. 
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Table A-2.3. Comparison of the main effect of rootstock on SSC in grafted and non-grafted 

watermelons, 2014. 

Rootstock 

SSCz 

(°Brix) 

C/My  12.2 au 

Mx 12.2 a 

M/Mw 11.9 a 

S/Mv 12.2 a 
zSoluble solid content measured using a digital refractometer to analyze juice taken from the 

heart of three fruits. 
yC/M = ‘Melody’ watermelon scion grafted onto ‘Carnivor’ rootstock. 
xM = Non-grafted ‘Melody’ watermelon control. 
wM/M = ‘Melody’ watermelon scion grafted onto ’Macis’ rootstock. 
vS/M = ‘Melody’ watermelon scion grafted onto ‘Strongtosa’ rootstock. 
uMeans separated by rootstock by Tukey-Kramer significant difference, P ≤ 0.05. Means 

followed by the same letter are not significantly different. 
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Appendix C: Chapter IV 

 

Table A-3.1. Speed of horizontal root growth in non-grafted, self-grafted tomatoes grown 

in mini-horhizotrons for experiment 1.z 

 Zoney 

 Experiment 1  Experiment 2 

 Days after transplant (DAT) 

Treatment 9  9 

Non-graftedx 3.1 av  4.7 a 

Self-graftedw 2.6 b  3.8 b 
zSpeed of horizontal root growth was defined as the farthest zone in which a root tip was 

present at each DAT. 
yZone = 4 cm x 10.5 cm area marked on a sheet of 20.5 cm x 10.5 cm transparency film. 

Zone 1 was closest to the transplanted root ball, zone 5 was the farthest towards the end 

of the 20.5 cm wall. 
xNon-grafted = pooled ‘Maxifort’, ‘Tribute’, and ‘RST-106’ treatments. 
wSelf-grafted= pooled ‘Maxifort/Maxifort’, ‘Tribute/Tribute’, ‘RST-106/RST-106’ 

treatments. 
vMeans followed by the same letter are not significantly different based on the protected 

LSD (P = 0.05). 
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Table A-3.2. Horizontal root tip density in non-grafted, self-grafted tomatoes grown in 

mini-horhizotrons for experiments 1 and 2. 

    

 Experiment 1  Experiment 2 

Effect Horizontal root tip densityz 

Varietyy ***w  *** 

Zonex ***  *** 

Interaction NSv  ** 
zHorizontal root tip density was measured as the number of root tips per 4 cm x 10.5 

cm zone on each mini-horhizotron face once each root system had five root tips 

touching the end wall (the end of the experiment). 
yVariety = Non-grafted, self-grafted ‘Tribute’, ‘Maxifort’, ‘RST-106’, and cross-

grafted ‘RST-106’/’Tribute’, ‘Maxifort’/ ‘Tribute’. 
xZone = 4 cm x 10.5 cm area marked on a sheet of 20.5 cm x 10.5 cm transparency 

film. Zone 1 was closest to the transplanted root ball; zone 5 was the farthest towards 

the end of the 20.5 cm wall. 
w* = significant at P ≤ 0.05; ** = significant at P ≤ 0.001; *** = significant at P ≤ 

0.0001. 
vNS= Not significant at P = 0.05. 
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Table A-3.3. Effect of wounding and scion choice on horizontal root tip density in non-

grafted, self-grafted tomatoes grown in mini-horhizotrons for experiments 1 and 2. 

    

 Experiment 1  Experiment 2 

Effect Horizontal root tip densityz 

Sciony  NSw  NS 

Woundingx NS  *** 
zHorizontal root tip density was measured as the number of root tips per 4cm x 10.5 

cm zone on each mini-horhizotron face once each root system had five root tips 

touching the end wall (the end of the experiment). 
yScion = Comparison of self-grafted rootstock cultivars (R/R, M/M) versus rootstock 

cultivars with ‘Tribute’ scion (R/T, M/T). 
xWounding = Comparison of non-grafted treatments (T, R, M) versus self-grafted 

treatments (T/T, R/R, M/M). 
wNS= Not significant at P = 0.05. 
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Table A-3.4. Effect of wounding on horizontal root tip density in non-grafted and  

self-grafted tomatoes grown in mini-horhizotrons for experiment 2.z 

  

Treatment Horizontal root densityz 

Non-graftedy   23.7 aw 

Self-graftedx 19.9 b 
zHorizontal root density = Mean number of root tips per 4cm x 10.5cm zone. 
yNon-grafted = pooled ‘Maxifort’, ‘Tribute’, and ‘RST-106’ treatments. 
xSelf-grafted= pooled ‘Maxifort/Maxifort’, ‘Tribute/Tribute’, ‘RST-106/RST-106’ 

treatments. 
wMeans followed by the same letter are not significantly different based on the protected 

LSD (P = 0.05). 
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Table A-3.5. Effect of wounding on total root length in non-grafted and self-grafted 

tomatoes grown in mini-horhizotrons 10 days after transplanting for experiment 2.z 

  

Treatment 

Total root lengthz 

(cm) 

Non-graftedy 96.2 aw 

Self-graftedx 79.6 b 
zTotal root length was measured by placing sheets of 20.5 cm x 10.5 cm transparency 

film onto the six faces of each treatment and all visible roots were traced and the 

resultant tracing was scanned and analyzed with RootReader 2D version 4.3.1 software.. 
yNon-grafted = pooled ‘Maxifort’, ‘Tribute’, and ‘RST-106’ treatments. 
xSelf-grafted= pooled ‘Maxifort/Maxifort’, ‘Tribute/Tribute’, ‘RST-106/RST-106’ 

treatments. 
wMeans followed by the same letter are not significantly different based on the protected 

LSD (P = 0.05). 

 

 


