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In addition to managing soil-borne diseases, grafting with vigorous interspecific 

hybrid rootstocks has been shown to improve fruit yield in tomato (Solanum 

lycopersicum L.) production due in part to enhanced nutrient and water uptake. Interest 

in tomato grafting is emerging among vegetable growers in Florida. While using grafting 

as an effective tool for disease control, it is also of great interest to determine its 

potential for integration into the Best Management Practices (BMP) program developed 

in Florida. Yet, systematic research is needed to examine the horticultural and 

economic performance of grafted plants in site-specific tomato production systems in 

Florida sandy soils. Following the greenhouse study which showed tomato yield 

enhancement by grafting with interspecific rootstocks, a 2-year field experiment was 

conducted in Live Oak, Florida during the spring seasons of 2010 and 2011 to 

determine the effects of interspecific rootstocks on 1) tomato yields, irrigation water and 

nitrogen use efficiency, 2) optimum N fertilization rate to maximize marketable fruit yield, 

3) cost effectiveness of grafted tomato production, and 4) fruit quality attributes of 
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grafted tomato plants. A determinate tomato cultivar Florida 47 was grafted onto each of 

the two interspecific rootstocks including ‘Beaufort’ and ‘Multifort’ (S. lycopersicum × S. 

habrochaites S. Knapp & D.M. Spooner). Non-grafted ‘Florida 47’ was used as control. 

Plants were grown in twelve combinations of two irrigation regimes (50 and 100%) and 

six nitrogen rates (56, 112, 168, 224, 280, and 336 kg N ha-1) with 56 kg ha-1 as 

preplant application, using a split-plot experimental design with 4 replications. In both 

seasons, grafting with the two rootstocks significantly improved the yields of ‘Florida 47’. 

Specifically in the 2010 season, the increase of total and marketable fruit yields by 

‘Beaufort’ reached 24% and 28%, respectively, in comparison with non-grafted ‘Florida 

47’. Similarly, ‘Multifort’ increased total and marketable fruit yield by 29% and 33%, 

respectively. The two grafted combinations also showed significantly greater irrigation 

and nitrogen use efficiencies based on marketable yields as compared to the non-

grafted treatment. However, the minimum N rates required to maximize the marketable 

fruit yield of grafted ‘Florida 47’ plants were found at a higher level than the non-grafted 

treatment. Estimated minimum N fertilization rates to reach maximum marketable fruit 

yields ranged from 211 to 240 kg N ha-1 for the grafted plants vs. 163 to 180 kg N ha-1 

for the non-grafted plants, depending on the irrigation regime. The corresponding 

maximum marketable fruit yields were also higher in grafted tomato production ranging 

from 56 to 71 Mg ha-1 in comparison with 43 to 54 Mg ha-1 for non-grafted plants.  

Estimated costs of grafted and non-grafted transplants were $0.67 and $0.15 per 

plant, respectively; resulting in an additional cost of $3,015.63 per acre for using grafted 

transplants as compared to non-grafted plants. Partial budget analyses performed in 
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this study showed that additional net returns associated with using grafted transplants 

ranged from $263.28 to $2,461.82 per acre, depending on the seasons and rootstocks. 

Grafted and non-grafted plants did not demonstrate consistent differences in fruit 

quality attributes measured in this study although the fruit moisture content was 

increased due to grafting with interspefic rootstocks as observed in the field 

experiments. Levels of nitrate reductase activity, nitrate, organic nitrogen, soluble 

proteins, and amino acids as well as concentrations of auxin, cytokinins, and gibberellic 

acids in leaf and root tissues measured at three growth stages in the greenhouse 

experiment did not reveal any major consistent differences between the grafted and 

non-grafted tomato plants. 
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CHAPTER 1 
GENERAL INTRODUCTION 

Statement of Problem, Rationale, and Justification 

Florida offers a great diversity of agroecosystems that allow a wide range of 

production systems for several horticultural crops. The vegetable industry in Florida 

encompasses over 50 diverse crops grown over three seasons and on different soil 

types with different irrigation methods (Cantliffe et al., 2006). Specifically, Florida is the 

leading producer of fresh-market tomatoes (Solanum lycopersicum L.) accounting for 

approximately 51% of the national fresh market tomato production, with an annual total 

cash value of over $400 millions during the 2009-10 season (Usda, 2010). Growing 

predominantly on sandy soils with very low intrinsic water and nutrient retention 

capacities, commercial tomato producers in Florida rely heavily on intensive 

management with high inputs of fertilizers and irrigation water for achieving profitable 

yields (Hartz and Hochmuth, 1996; Hochmuth, 1992; Locascio, 2005). Frequent and 

excessive N fertilizer application when combined with high volume of irrigated water and 

occurrence of intense rainfall events under these sandy soil conditions may often result 

in N leaching below the active root zone and may lead to various environmental issues 

including pollution of ground water (Prakash et al., 1999; Vázquez et al., 2006; Zotarelli 

et al., 2009b). With the increasing cost of fertilizers and more rigorous environmental 

regulations, there has been a need for implementation of more sustainable horticultural 

practices that allow for economical production while simultaneously ensuring protection 

of the environment (Obreza and Sartain, 2010). Therefore in Florida for example, the 

Best Management Practice (BMP) program has been developed to provide a variety of 

site-specific practices that can optimize nutrient management such as fertigation with 
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drip irrigation, soil moisture sensing, crop rotation, use of cover crops, and controlled-

release fertilizers (Fdacs, 2005). In essence, the overall goal of the implementation of 

any BMP program is to keep water and nutrients in the root zones for a more efficient 

uptake and use by the growing plants. However, various studies showed that 

concentrations of nitrate were still higher beyond the active vegetable root zone even 

with BMP practices (Simonne et al., 2006; Simonne et al., 2003; Zotarelli et al., 2008). 

In a most recent review on the current knowledge, gaps and future actions regarding 

successful implementation of BPM program for vegetable production, Simonne et al. 

(2010b) discussed the potential role of breeding as a whole and vegetable grafting in 

particular on improving vegetable crop nutrient use efficiency. However, to date, there is 

limited information about grafted tomato production in relation to nutrient management 

especially in site-specific field cultivation systems in the U.S. More studies are needed 

to assess the potential of grafting to enhance water and N use efficiency in tomato 

production and the feasibility of its implementation in BMP. 

Since its beginning in the 1920s in Japan and Korea, vegetable grafting is now 

widely used in controlling a number of soil-borne diseases such as fusarium wilt, 

verticillium wilt, southern blight, and bacteria wilt, as well as root-knot nematodes in 

many intensive production systems of solanaceous and cucurbitaceous vegetables in 

Asia, Europe and the Mediterranean (Lee, 1994; Lee et al., 2010). Grafting with certain 

rootstocks has also been shown to improve plant tolerance to abiotic stresses such as 

high salt and low temperature (Fernandez-Garcia et al., 2004b; Schwarz et al., 2010). 

Moreover, grafted plants may demonstrate enhanced vigor and fruit yield even under 

low pressure of biotic and abiotic stresses. In the case of tomato production, grafted 
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plants could exhibit an increase of marketable yield by 20% to 62% as compared with 

non-grafted plants, depending upon the scion-rootstock combinations and production 

conditions (Di Gioia et al., 2010; Lee and Oda, 2003; Leonardi and Giuffrida, 2006; 

Pogonyi et al., 2005). 

In the U.S., interest in vegetable grafting is growing recently and grafted tomato 

research has been carried out under different production conditions with a focus on 

using resistant rootstocks to manage soil-borne disease (Lopez-Perez et al., 2006; 

Mcavoy et al., 2012; Rivard and Louws, 2008; Rivard et al., 2010a) and root knot 

nematodes (Barrett et al., 2012a; Bausher, 2009). However, research information is 

scarce with respect to the response of grafted tomato plants to different irrigation 

regimes and nitrogen fertilization rates in comparison with non-grafted plants, especially 

under Florida field conditions. Research suggests that fertilizer inputs may be reduced 

by about 33-50% in grafted vegetable production in contrast to the standard 

recommendation for non-grafted plants owing to the improved nutrient uptake and 

growth vigor of grafted plants (Colla et al., 2011; Lee and Oda, 2003; Salehi-

Mohammadi et al., 2009). Particularly with the sandy soil in Florida, there is a need to 

establish the Crop Nutritional Requirement for N for grafted tomato plants for drip-

irrigated tomato production under field condition.  

Despite the increasing interest in using grafted transplants for field tomato 

production in disease management, the majority of users of grafted seedlings in the 

U.S. are currently greenhouse hydroponic tomato growers (King et al., 2010; Kubota et 

al., 2008; Lee et al., 2010). The relative high costs of grafted transplants in comparison 

to non-grafted transplants remains as the major barrier for wide adoption of grafting in 
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field tomato production. Tomato growers are often concerned that the high investment 

associated with grafted transplants may not be offset by the increase in fruit yield to 

generate enough net return to grafted tomato production economically feasible (Kubota 

et al., 2008; Lee et al., 2010). In addition to the costs of rootstock seeds, grafted 

transplant production requires other direct costs associated with supplies and materials 

as well as making the grafts, which ultimately increase the costs of grafted transplants 

as opposed to the non-grafted transplants (Barrett et al., 2012b; Rivard et al., 2010b). 

For example, estimated prices for grafted tomato transplants ranged from $0.59 to 

$1.88 as compared to $0.13 to $0.76 for non-grafted plants in two different transplant 

production facilities in the U.S. (Rivard et al., 2010b). In general, efficient production 

practices can only be fully integrated into endogenous agricultural management 

operations when growers can also sustain some economic benefits by using the 

techniques (Baggs et al., 2000). Hence, in addition to further evaluating the 

performance of different tomato rootstocks in improving plant resistance to soil-borne 

and crop yields, it is also critical to assess the economic feasibility of the use of grafted 

tomato transplants as a viable component of the existing commercial tomato production 

system even beyond disease control. 

From a physiological perspective, the underlying mechanism by which the 

vigorous root system of certain rootstocks significantly influence plant vigor and fruit 

yield in vegetable crops has not been fully understood. In recent decades, evidence is 

available to suggest several hypotheses, including the involvement of nutrient and water 

movement (Pulgar et al., 2000; Ruiz et al., 1997), changes in endogenous growth 

hormone homeostasis (Seong et al., 2003), and molecules signaling that involves 
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translocation of small molecules like mRNAs across the graft union (Kudo and Harada, 

2007; Omid et al., 2007). In effect, grafted plant can be perceived as an integrative 

system of a scion and a rootstock in which there is a long-distance movement of water, 

nutrients, plant hormones, sugars and assimilates, amino acids, proteins, and small 

RNAs through phloem and xylem and as such these processes are believed to 

fundamentally influence the pattern and scale of the growth and development processes 

of the grafted plant. Specifically, studies by Ruiz and Romero (1999) demonstrated that 

grafted melon had in leaf tissues, lower concentrations of nitrate, higher levels of nitrate 

reductase (NR) activity, and lower contents of total free amino acids and soluble 

proteins compared to the non-grafted control. Higher nitrate reductase and nitrite 

reductase activities were also found in leaves of grafted watermelon plants (Pulgar et 

al., 2000). According to Ruiz et al. (2006a), the enhancement of nitrogen use efficiency 

in grafted tobacco as compared to the non-grafted plants is related to higher nitrate 

reductase activity and assimilation. In addition to the improved nitrogen assimilation as 

a result of grafting with specific rootstocks, enhanced endogenous hormone production 

has been proposed as another underlying basis for the enhanced growth and yield of 

grafted vegetables (Davis et al., 2008b). Different growth hormones including auxin, 

cytokinins, and gibberellic acids are well known for their roles in regulating different 

aspects of plant growth and development. Particularly with fruit trees, the relative 

concentrations of these growth hormones, e.g., auxin:cytokinin ratio, have been shown 

as one of the key physiological mechanisms by which dwarfing or vigorous rootstocks 

modify scion architecture of the grafted fruit trees. Specifically, it is shown on apple that 

dwarfing rootstocks control scion vigor by reducing the downward transport of indole-3-
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acetic acid (IAA) from the scion to the root which results in a decrease in root growth 

and/or cytokinin biosynthesis and therefore limiting the supply of root-produced 

cytokinins to the scion in the xylem vasculature (Lockard and Schneider, 1981). It is 

likely that similar changes in hormonal balance may also exist and affect the rootstock-

scion interaction in the grafted vegetable plant including tomato. Both tomato hybrid 

cultivars and interspecific tomato hybrids are used as rootstocks in grafted tomato 

production (King et al., 2010). In particular, the interspecific hybrid rootstocks are known 

for their vigorous growth characteristics and have been shown to increase crop 

productivity in addition to their resistance to a variety of soil-borne diseases. However, 

there is a lack of comprehensive understanding of the physiological modifications in 

grafted tomato plants and underlying mechanisms as a result of using these vigorous 

rootstocks.  

Given the physiological changes that may occur in grafted plants relative to non-

grafted plants, it is possible that some of the quality attributes of fruit may also be 

affected. It is suggested that some fruit quality attributes in grafted plants may be 

influenced by the rootstock as a result of the translocation of the metabolites inherent to 

the fruit quality from the root to the scion through xylem and/or changes in the 

physiological processes of the scion (Lee, 1994; Rouphael et al., 2010). In order to 

ensure successful marketing, grafted tomatoes must have both enhanced marketable 

fruit yields and premium fruit quality. Depending on the scion-rootstock combinations 

used, previous studies have yield mixed results regarding the change of fruit quality in 

grafted vegetables. While quality attributes of tomato fruit such as titratable acidity and 

soluble solids content did not show any significant differences between grafted and self-
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rooted tomato plants (Khah et al., 2006), grafting with certain rootstocks has been 

demonstrated in some instances to either decrease or increase the levels of lycopene, 

ß-carotene, vitamin C, and antioxidant activity in tomato fruit (Davis et al., 2008a; Dorais 

et al., 2008; Fernandez-Garcia et al., 2004a).Melon plants grafted onto different 

Cucurbita spp. rootstocks exhibited a remarkable deterioration of taste and texture in 

some rootstock-scion combinations (Traka-Mavrona et al., 2000). In general, fruit 

sensory and nutritional quality attributes are complex and can be affected by various 

biotic and abiotic factors such as cultivar, maturity and ripeness at harvest, production 

practices, and environmental conditions before and after harvest (Dorais et al., 2008; 

Foolad, 2007). With respect to the grafted plants, Davis et al. (2008a) pointed out that 

the type of scion variety used determines primarily the size and quality of fruit in grafted 

plants, but the rootstock effects can drastically influence these characteristics as well. 

As many of the rootstocks used are often directly developed from wild relatives and 

related, although different species, it might not be surprising that some rootstocks show 

negative impacts on the quality attributes of the scion. It is often suggested that the 

rootstock/scion combinations should be carefully selected for optimal fruit qualities and 

there is a need for more comparative studies of nutritional quality attributes as more 

rootstocks are becoming more available. 

This research project was conducted in response to the emerging interest in 

grafted tomato production among vegetable growers in Florida. A series of greenhouse 

and open-field experiments were carried out to address the following questions: 1) 

whether the tomato growth and yield performance will be improved by using new 

interspecific rootstocks; 2) what would be the requirement for N fertilization to optimize 
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the marketable yield of grafted tomato production in sandy soils in Florida; 3) whether 

the use of grafted transplants in commercial tomato production is economically feasible 

considering the increase in both production costs and fruit yield improvement; 4) how 

grafting with interspecific rootstocks affect nitrogen and carbon assimilation and 

endogenous growth hormone status in tomato plants; and 5) how the fruit quality 

attributes may change as a result of grafting with vigorous rootstocks. 

Goal, Objectives, and Hypotheses 

The overall goal of this research project was to determine the potential of grafting 

as an economically viable practice for integration into the BMP program for tomato 

production in sandy soils in Florida. Specific objectives are:  

1. Assess the performance of grafted tomato plants onto different interspecific 
rootstocks in terms of their potential to accumulate biomass, improve nutrient 
accumulation, and enhance marketable yield under greenhouse conditions. It is 
hypothesized that biomass accumulation, nutrient uptake, and fruit yield can be 
improved by grafting tomato plants with vigorous rootstocks (Chapter 3); 

2. Explore the effect of rootstocks on nitrogen metabolism and assimilation and 
hormone status in tomato plants under greenhouse conditions. It is hypothesized 
that grafted tomato plants with vigorous interspecific rootstocks have increased 
levels of nitrate reductase activity, nitrogen assimilation, and growth hormone 
production (Chapter 4); 

3. Determine the influence of grafting with vigorous rootstocks on fruit yield, irrigation 
water use efficiency, and nitrogen use efficiency under different N application rates 
and irrigation regimes in field tomato production in sandy soils. The underlying 
hypothesis is that grafting with vigorous rootstocks increases fruit yield, irrigation 
water use efficiency, and nitrogen use efficiency as compared to non-grafted 
plants (Chapter 5); 

4. Compare the growth, nitrogen concentration and accumulation, N uptake 
efficiency, and root distribution of grafted and non-grafted tomato in response to N 
fertilization. It is hypothesized that grafting with vigorous rootstocks increase 
biomass and nitrogen accumulation and also enhance root length density 
distribution as compared to non-grafted tomato plants (Chapter 6); 

5. Examine the Crop Nutritional Requirement for N for grafted tomato plants for drip-
irrigated tomato production under field condition in sandy soils. It is hypothesized 
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the N application rate required to maximize fruit yield is different from the current 
recommended rate when tomato plants are grafted with vigorous interspecific 
rootstocks (Chapter 7); 

6. Determine whether grafting with interspecific rootstocks can alter the quality 
attributes of tomato fruit. It is hypothesized that grafting does not adversely affect 
the major intrinsic quality measurements of fresh marketable tomato fruit such as 
pH, soluble solids content and titratable acidity (including their ratio), and 
carotenoid, vitamin C and phenolic contents (Chapter 8); 

7. Assess the economic feasibility for using grafted transplants in tomato production 
in Florida sandy soils to improve water and N fertilizer use efficiency. It is 
hypothesized that integrating the grafting practice into the current tomato 
production system in Florida will increase the net return despite the higher cost of 
grafted tomato transplants (Chapter 9). 
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CHAPTER 2 
APPLICATION OF GRAFTING IN FRUIT TREE AND VEGETABLE PRODUCTION 

BEYOND DISEASE CONTROL: A COMPARATIVE REVIEW 

Introduction 

The technique of plant grafting is to insert a desirable scion into a resistant 

rootstock in a way that results in a graft combination that achieves physical union and 

grows as a single plant (Janick, 1986). Grafting involves the development of a 

composite genetic system by fusing two distinct genotypes, each of which conserves its 

own genetic make-up throughout the life cycle of the resulting grafted plant (Mudge et 

al., 2009). Occasionally and exclusively in the fruit tree grafting, a third genetically 

distinct component, an interstock or interstem, is grafted between the rootstock and 

scion. It has been used with different fruit trees to modulate the tree size, fruit 

production and quality, and the aging of the tree (Gil-Izquierdo et al., 2004). Once the 

two or three components of the graft are placed in close physical proximity, 

development of the graft union begins. This merging involves the proliferation of new 

parenchyma cells from both rootstock and scion producing the callus tissue that soon 

intermingles and interlocks. These cells fill the space between the two components and 

connect the scion and the rootstock together (Hartmann et al., 2002). Success of 

grafting has been credited to the deposition and subsequent polymerization of cell wall 

material that occurs in response to the wounding inherent to the grafting process (Pina 

and Errea, 2005). According to Fernandez-Garcia et al. (2004a), a successful graft 

union requires the formation of new connections between vascular strands at the callus 

graft interface via differentiation and lignification. Failure of a graft union to successfully 

develop may be due to: a lack of cellular recognition, the growing stage of the 

respective plants, interference of the wounding response or growth regulators, or an 
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unfavorable grafting environment (Andrews and Marquez, 1993; Davis et al., 2008a). An 

experiment that used a non-destructive method to assess the development of hydraulic 

connections in the graft union of tomato showed that the graft union is completely 

functional 6-8 days after grafting (Turquois and Malone, 1996). 

Originally, grafting was a technique of plant propagation and selection commonly 

reserved for perennial horticultural crops such as tree fruits and nuts that do not root 

easily from cuttings or can not be propagated clonally from seed, such as apples (Malus 

domestica), citrus (Citrus sp), grapes (Vitis sp), pears (Pyrus sp) and peaches (Prunus 

persica). In essence, the graft is made during the dormant season, and healing occurs 

as the plant begins to grow in the spring. Within this group of perennial plants, the 

purposes of grafting with rootstocks are mainly to propagate scions of preferred 

cultivars, improve fruit tree tolerance to environmental stresses, and to control tree size 

(Webster and Wertheim, 2003). However, this practice of grafting plant parts is now 

used in production of certain vegetables and has become a widespread practice in 

many parts of the world. This method provides an innovative tool to reduce the 

incidence of infection by soilborne pathogens such as Fusarium (Besri and Rabat, 2005; 

Edelstein et al., 1999; Jifon et al., 2008), aid tolerance to environmental stresses such 

as low temperature, salt, drought and flooding (Colla et al., 2006a; Estan et al., 2005; 

Rivero et al., 2003b; Romero et al., 1997; Yetisir et al., 2006), enhance water and 

nutrient uptake, and to increase plant vigor (Lee, 1994; Lee and Oda, 2003; Leonardi 

and Giuffrida, 2006; Oda, 1999; Pulgar et al., 2000). Numerous species of vegetables 

crops, notably in the Curcubitaceae and Solanaceae such as watermelons (Citrullus 

lanatus (Thunb.), melon (Cucumis melo L.), cucumber (Cucumis sativus L.), tomato 
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(Solanum lycopersicon L.), eggplant (Solanum melongena L.) and pepper (Capsicum 

annuum L.) are commonly grafted to various rootstocks. Over the years, many studies 

have been conducted to evaluate horticultural aspects of grafting technology. These 

findings were synthesized in exhaustive literature reviews which explain, in anatomical, 

nutritional, hormonal, or other physiological terms, rootstock effects on scion 

performance when grafting vegetables (Davis et al., 2008a; King et al., 2010; Lee, 1994; 

Lee and Oda, 2003; Lee et al., 2010) and fruit trees (Castle, 1995; Mudge et al., 2009; 

Storey and Walker, 1999). This review analyzes the current state of knowledge on fruit 

tree grafting in comparison with the use of vegetable grafting and synthesize information 

on purposes of grafting in each group of crops, effect of grafting on the quality of fruit in 

each group, physiological aspects and hormonal influence of rootstock-scion interaction, 

and change in gene expression pattern after grafting. 

Purposes of Fruit Tree Grafting 

The art of grafting with specific rootstocks has been extensively used on a wide 

range of fruit trees to achieve various horticultural and biological goals. Many uses of 

grafting of fruit tree include principally the vegetative propagation, avoidance of 

juvenility, size control, resistance or tolerance to biotic and abiotic stresses and to some 

extent fruit quality. 

Vegetative Propagation 

Various rootstocks were, and still are, used primarily as an aid to scion 

propagation. In various fruit tree species, many scion cultivars of horticultural values are 

extremely difficult to propagate clonally on their own roots and rootstocks offer a simple 

method for multiplying these cultivars (Mudge et al., 2009; Webster, 1997). However, 
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Webster, (1997) mentioned that these traditional propagation methods do not ensure 

disease-free and healthy plants and they also depend on the season. 

Avoidance of Juvenility 

In the fruit tree production, growers usually overcome a delay in flowering of a 

juvenile plant by grafting a mature scion tree onto a seedling or mature rootstock, in that 

a mature scion always maintains its flowering state even after a grafting onto a juvenile 

rootstock (Mudge et al., 2009). Consequently, as a desirable characteristic conferred by 

the grafting technique, the resulting grafted plant starts fruiting at an earlier age. Okudai 

(1980) observed that citrus hybrid seedlings grafted onto satsuma mandarin (Citrus 

unshiu) interstocks or onto trifoliate orange (Poncirus trifoliata L. Raf.) rootstocks formed 

flowers two to three years after grafting while Yoshida (1980) reported that citrus hybrid 

seedlings grown from germination without grafting onto rootstock started flowering 

seven years after germination. Similar result was observed by Mitani (2008) with hybrid 

citrus seedlings grafted onto shiikuwasha as rootstock. It was concluded that grafting 

accelerated the onset of flowering of citrus hybrid seedlings and therefore, is an 

effective method to shorten the juvenile period. It is reported that scions of apple grafted 

on 'M.9' rootstocks or interstocks generally ripen up to 1 week earlier than the same 

scion grafted on other more vigorous rootstocks, and trees on 'M.27' usually ripen 

earlier than trees on 'M.26' in part due to difference in the vigor potential (Webster and 

Wertheim, 2003). In general, trees grown on less vigorous rootstocks (dwarfing 

rootstocks) tend to produce precociously and consistently from season to season 

(Webster, 1994). 

In addition, rootstocks may also influence floral precocity indirectly by their effects 

on scion branching. This is particularly noted with rootstocks which induce the abundant 
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production of lateral branches (feathers) on the scion; feathered trees produce flowers 

more precociously than unfeathered trees (Webster, 1997). 

Size Control 

Grafting is often used to control size of the grafted plants. As a result, certain 

rootstocks can induce dwarfing or vigor of the scion cultivar. For example, in apple, a 

same scion cultivar grafted onto various size-controlling rootstocks can result in trees 

ranging from 2 to 10 m in height. The purpose of dwarfing rootstocks is to produce 

smaller trees that facilitate harvesting, pruning and high-density planting. Examples of 

interspecific scion/stock grafting which result in dwarfing are pear on quince and orange 

(Citrus sinensis) on trifoliate orange (Poncirus trifolia) (Mudge et al., 2009). The 

mechanism by which the rootstock exerts its size control on the scion is not well 

understood. It is hypothesized that reductions in nutrient and water movement and 

changes in hormone concentration may in part explain the dwarfing (Jensen et al., 

2003). 

Scion Shoot Growth and Yield 

In addition to shortening time to first flowering from planting and increasing flower 

number and as a direct effect of size control, certain rootstocks impart the benefits of 

reduced vegetative vigor, resulting in smaller trees that are easier to handle. Research 

on rootstock-scion interactions demonstrated that rootstocks had more influence than 

scion on tree weight and growth rate in young apple trees but scion more strongly 

affected duration of growth (Tworkoski and Miller, 2007). In order to plant at high 

densities and still take advantage of the strength of seedling rootstocks, rootstocks that 

induce dwarfing of the scion are generally preferred, whereby a dwarf interstem is 

placed between the scion and the rootstock. A study by Di Vaio (2009) on apple 
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involving the dwarfing rootstocks used as interstock (M.27 and M.9) showed that the 

two dwarfing rootstocks induced a decrease in the tree size and the amount of pruning 

on mature trees of Annurca Rossa del Sud compared to the control trees (non-grafted 

Annurca Rossa del Sud). It is reported that rootstocks influence on the vigor and size of 

scion trees may be achieved in one or multiple ways including: delaying scion 

vegetative budburst and the onset of shoot extension in the spring; influencing rates of 

shoot extension throughout the season; affecting the timing of seasonal termination of 

extension shoot growth; influencing branching habit; and channeling more of the tree’s 

assimilates and minerals into fruit than into shoot growth (Webster, 1997). In general, it 

is observed that dwarfing rootstocks which produce smaller trees usually produce, at 

maturity, yields per tree less than those from larger trees on intermediate or vigorous 

rootstocks. However, the smaller tree stature allows trees to be planted at higher 

densities, thereby enabling much higher yields to be attained per unit of planted area 

(Webster, 1997). 

The performance of citrus rootstocks has been evaluated using rootstock 

seedlings and grafted plants. As is the case in apple, rootstocks with less vigor 

enhancement on the scion appear to be of higher horticultural value. Indeed, it is 

observed that rusk citrange, a rootstock of moderate vigor, produced smaller trees and 

better yield, fruit quality, and economic returns than Milam lemon, a vigorous rootstock 

(Wheaton et al., 1995). 

In the grape vine production, the effect of rootstocks on scion yield and vigor has 

also been well documented with most results showing that rootstock significantly affects 

scion vigor and yields. As shown on apple and citrus, it is demonstrated that yields are 
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in general negatively correlated with vine vigor (Parejo et al., 1993; Wolf and Pool, 

1988). Similar pattern was also found by Ferree et al. (1996) with the grafted ‘Cabernet 

Franc’ and ‘White Riesling’ as compared to the own-rooted plants. These results 

suggest that the effect of rootstocks on scion vigor and yield is specific to 

scion/rootstock combinations. It has also been reported that rootstocks may induce 

negative or indifferent effects on scion vigor and yields. For example, ‘Chardonnay’ 

vines on rootstocks ‘5C’, ‘K5BB’, ‘G13’, ‘Teleki 8B’, ‘SO4’, ‘1103 P’ and ‘41 B’ had no 

significant effect on yields when compared to yields from the own-rooted vines (Boselli 

et al., 1992). According to Reynolds and Wardle (2001), yield per vine, clusters per vine, 

cluster weight and berry weight were not affected by rootstocks. 

Tolerance or Resistance to Abiotic Stresses 

Certain rootstocks have been selected for tolerance or resistance to abiotic 

stresses such as salinity, wet or drought soils, alkaline or acidic soils, and extreme low 

temperature. Garcia-Sanchez (2002) investigated effects of salinity on the growth and 

net gas exchange of CO2 and water vapor in leaves of 2-year-old ‘Sunburst’ mandarin 

[(Citrus reticulata Blanco) x (Citrus paradisi Macf. x C. reticulata )] trees grafted on 

either Cleopatra mandarin (C. reticulata ) or Carrizo citrange (Citrus sinensis L. Osb. x 

Poncirus trifoliata L.) rootstocks. Cleopatra roots accumulated higher concentrations of 

Cl- and Na+ than Carrizo roots but ‘Sunburst’ leaves on Cleopatra accumulated less Cl- 

and Na+ and had higher CO2 exchange rates than those on Carrizo. The greater salt 

resistance of rootstocks, such as Rangpur lime and Cleopatra mandarin, is associated 

with their capacity to reduce the accumulation of Cl- in leaves by the process of Cl- 

exclusion, e.g. regulation of root uptake and unloading of Cl- at the root symplast/xylem 

interface. Other rootstocks, like trifoliate orange, present a potential for limiting Na+ 
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transport to the shoot at low salinity, e.g. reabsorption of Na+ from the xylem stream in 

the root and basal stem (Storey and Walker, 1999). Syvertsen (1988) found no effect of 

salinity on gas exchange parameters of leaves on ‘Valencia’ orange trees grafted on 

both ‘Sweet’ orange and trifoliate orange rootstocks even though foliar concentrations of 

Cl- were as high as 400 mM. Moreover, Walker et al. (2002) identified ‘Ramsey’, ‘1103P’ 

and ‘R2’ as salt tolerant rootstocks for grape using ‘Sultana’ as scion. Further, 

interspecific rootstocks from V. berlandieri x V. rupestris were considered to be drought 

tolerant (Ezzahouani and Williams, 1995). In addition, it was observed that grafted 

plants using V. vinifera as rootstock maintained high rates of net CO2 assimilation after 

14 days of water deficit. The higher rate of photosynthesis was associated with 

significantly higher stomatal conductance and an increase in water use efficiency was 

also observed (Iacono et al., 1998). It is also reported that on apple, many cold-tolerant 

selection of rootstocks have become available which mainly provide the roots and the 

trunks of the rootstock with greater tolerance to very low temperatures (Webster and 

Wertheim, 2003). 

Purposes of Vegetables Grafting 

As in the case with fruits tree production described above, certain purposes for 

utilizing grafting techniques in vegetables are similar to those of fruit tree grafting and 

include tolerance to abiotic stresses, plant vigor, and yield increase, in addition to 

disease control which is the focus of this review. 

Tolerance to Abiotic Stresses 

Similar to fruit tree grafting, grafting techniques have been widely and successfully 

used to overcome abiotic stresses such as salinity, temperature extremes (cold and 

heat), drought and excessive soil moisture on numerous species of vegetable crops. A 
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comprehensive review of the use of grafting to cope with these different abiotic stresses 

is recently presented by Schwarz et al. (2010). 

1. Salinity: Salinity results in excessive accumulation of Na+ and Cl- in the plant, 

which induces a wide range of physiological and biochemical deteriorations that affect 

plant growth and significantly reduce yield. Salt stress can alter the water relations 

within the plants, as a result of osmotic effects due to specific ionic imbalance or energy 

availability inherent to carbohydrate concentrations which ultimately lead to inhibition of 

crop growth (Lazof and Bernstein, 1998). As shown on fruit tree grafting, rootstocks are 

also capable of reducing the accumulation of Cl- and Na+ in grafted scion leaves. This is 

attributed to the exclusion or decreased absorption of Cl- by the roots and replacement 

of total Na+ by total K+ in the leaves similar to the mechanism described by Storey and 

Walker (1999) (Davis et al., 2008a; Martinez-Rodriguez et al., 2008; Rivero et al., 

2003a). More specifically, grafting tomato scions with tolerant rootstock genotypes has 

been highly effective at increasing significantly plant growth parameters (Fernandez-

Garcia et al., 2004b). With the use of ‘Radja’, ‘Pera’ and hybrid ‘Volgogradskij’ x ‘Pera’ 

as rootstocks under high levels of NaCl, Estan et al. (2005) observed an increase of up 

to 80% in yields compared to non-grafted or self-grafted tomato controls. In addition, 

Yang et al. (2006) demonstrated that grafted cucumber plants show greater net 

photosynthesis, stomatal conductance, and intercellular CO2 concentrations under NaCl 

stress conditions than self-rooted plants. It was suggested that greater salt tolerance of 

grafted watermelon is inherent to higher peroxidase activity and lower superoxide 

dismutase activity in the shoot (Liu et al., 2004a, b). 
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2. Temperature: Studies have also attempted to evaluate the influence of 

vegetable grafting as a tool to mitigate adverse effects of extreme temperatures on crop 

performance. Abdelmageed et al. (2004) observed that tomatoes grafted with heat-

tolerant rootstocks showed increased vegetative growth and reduced chlorophyll 

fluorescence under heat stress. Tomato plants grafted to a more vigorous rootstock 

show greater resistance to thermal fluctuations, resulting in greater plant development 

and growth (Rivero et al., 2003b). These authors concluded that this advantage may be 

due to better H2O2 accumulation in the different plant tissues, as related to a stronger 

enzymatic activity of glutathione peroxidase (GPX) and catalase (CAT) or of optimal 

acticity of the ascorbate/glutathione oxidation/reduction cycle. Other studies also 

demonstrated the use of grafting technique with specific rootstocks as a means to 

confer tolerance or resistance to adverse effects of cold temperature on plant growth 

and development. Gao et al. (2008) demonstrated that the increase in chilling injury 

index and electrolyte leakage rate was relatively lower in grafted than own-rooted 

eggplant seedlings; indicating that grafted eggplant plants onto highly cold resistant 

rootstocks could improve the tolerance of scion to low temperature. Vigh et al. (1985) 

and later Bulder et al. (1991) on cucumber suggested that the ability of the rootstock to 

tolerate cold temperatures is based upon lipid differences in the membranes in the roots 

of these genotypes. Venema et al. (2008) examined the impact of grafting cultivated 

tomato onto the rootstock of a cold-tolerant, high-altitude accession of a related wild 

species, and concluded that Solanum habrochaites LA 1777 provides a valuable 

germplasm pool to improve the low-temperature tolerance of existing commercial 

tomato rootstocks. In addition, Solanum lycopersicum x S. habrochaites rootstocks 
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provide tolerance to low soil temperatures (10 oC to 13 oC) for their grafted tomato 

scions, while eggplants grafted onto S. integrifolium x S. melongena rootstocks grew 

better at lower soil temperatures (18 oC to 21 oC) than non-grafted plants (Okimura et 

al., 1986). While more study is still warranted to fully understand important physiological 

and molecular mechanisms that underlie the positive effect of this rootstock on the 

greater performance of the tomato scion at suboptimal temperatures, it is indicated that 

the rootstocks used in this study were able to maintain absorption and upward 

movement of water and nutrients in the scion, a less reduced supply of root-borne 

phytohormones to the scions. But the mechanisms that allow for these changes and its 

modulation are not well understood. Under low temperature conditions, grafted 

cucumber showed higher net photosynthesis, stomatal conductance, and intercellular 

CO2 concentrations than own-rooted plants (Ahn et al., 1999; Zhang, 2002). Figleaf 

gourd (Curcubita ficifolia Bouche) and bur cucumber (Sicos angulatus L.) are used as 

rootstocks for cucumber owing to their tolerance to low temperature (Venema et al., 

2008). These rootstocks improve vegetative growth and early yield at suboptimal 

temperatures and under conditions where only the roots are subjected to chilling (8 oC) 

temperatures. The physiological basis underlying the higher level of low temperature 

tolerance of figleaf gourd rootstocks is related to the maintenance of a higher absorption 

rate of water and nutrients and a higher cytokinin synthesis which stimulates root 

meristem activity and translocation of photosynthates to the roots. 

3. Flooding: Most vegetables are highly sensitive to flooding and genetic variability 

with respect to intrinsic tolerance or resistance is limited, particularly in tomato. In 

general, damage to vegetables by flooding is due to the reduction of oxygen in the root 
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zone which inhibits aerobic processes. Flooded plants accumulate endogenous 

ethylene that causes damage to the plants (Drew, 1997). Low oxygen levels stimulate 

an increased production of an ethylene precursor, 1-aminocyclopropane-1-carboxylic 

acid (ACC), in the roots. Grafting has also been utilized in order to reduce the effects of 

flooding in areas where a wet season may occur as is the case on tomato (Black et al., 

2003). 

4. Water deficit: Water deficit is one of the major environmental constraints that 

limit plant growth and development. Resistance to water deficit is associated with both 

the maintenance of relatively high photosynthesis at a low leaf water potential, and 

maintenance of high leaf water potential in response to decrease in soil water potential 

(Xu and Ishii, 1996). Weng (2000) observed that the tomato plants grafted onto 

Solanum mammosum rootstock had a higher leaf water potential, net photosynthetic 

rate and leaf conductance than those grafted onto tomato rootstock under water deficit 

condition. It was concluded from that study that higher water uptake was inherent to a 

decreased hydraulic conductivity which enhanced passive water uptake rather than 

active water uptake. Using reciprocal grafts technique, Holbrook et al. (2002) used the 

grafting technique to verify the hypothesis that ABA synthesized in the root leads to 

stomatal closure in response to drying soil using ABA-deficient tomato mutants and their 

wild type parents. This study showed that in response to soil drying, stomatal closure 

can happen even in the absence of leaf water deficit, and that ABA production by roots 

is not a prerequisite. 

5. Nutrient deficiency: Response of grafting with vigorous rootstocks to nutrient 

stress or deficiency is not well studied. According to Rivero (2003a), this is because the 
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selection of rootstocks is rarely based on characteristics related to nutrient uptake, but 

rather on resistance to diseases and tolerance to environmental stresses. However, the 

author acknowledged that information on the rootstock/scion nutritional status 

relationship could be of great importance in choosing rootstocks better adapted to soils 

that are deficient or toxic in one or more nutrients, as well as in developing nutrient 

management and fertilization programs for the production of grafted vegetables in field 

or greenhouse.  

Growth Promotion and Crop Productivity Enhancement 

Several studies have demonstrated that under environmental conditions with low 

levels of disease pressure and/or abiotic stresses, vegetable plant vigor and yield often 

increased as a result of grafting with vigorous rootstocks. Leonardi and Giuffrida (2006) 

observed about 30% increase in marketable yield of grafted versus non-grafted tomato 

plants, as a result of greater macronutrient uptake. Tomato scions grafted onto vigorous 

rootstocks show much higher yield than non-grafted plants when grown in soil free of 

pathogens (Matsuzoe et al., 1993). Lee and Oda (2003) reported that when ‘Seokwang’ 

tomato was grafted onto ‘Kagemusha’ rootstock, there was a 39.3% increase in the 

number of fruit set and a 54.4% increase in marketable fruit yield and a significant 

decrease in the percentage of cull fruits. Pogonyi et al. (2005) observed a 62% increase 

in tomato yield as a result of grafting. Yield increases were observed in grafted eggplant 

as well. It was reported that grafting eggplant onto wild Solanum rootstock led to 

significant yield increases as compared to self-grafted controls (Ibrahim et al., 2001; 

Rahman et al., 2002). This increase was due to the increased fruit number (14%) and 

partly by the weight per fruit (45%). A two-year study on an heirloom tomato ‘Cuore di 

Bue’ under greenhouse condition showed an increase in the marketable yields in the 
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range of 20-25% as compared to the non-grafted plants (Di Gioia et al., 2010). In 

greenhouse production, eggplant grafted onto tomato rootstock was observed to 

enhance yields with increased fruit size and number as compared to non-grafted 

controls and those with eggplant rootstock (Passam et al., 2005). Salam et al. (2002) 

demonstrated a 3.5 times higher yield in grafted watermelon [Citrullus lanatus (Thunb.) 

Matsumand Nakai] due to larger fruit size, and more fruit per plant. Yield increases by 

grafting were also reported in production of watermelon (Ruiz and Romero, 1999; Yetisir 

and Sari, 2003) and cucumber (Pavlou et al., 2002). Cucumber plants grafted onto 

pumpkin rootstocks had 27% more marketable fruit per plant than self-rooted cucumber 

(Seong et al., 2003). Two squash interspecific hybrid rootstocks (‘Shintoza’and 

‘Tetsukabuto’) increased both watermelon yield and fruit size by an average of 90% and 

26%, respectively compared to non-grafted ‘Reinade Corazones’ watermelon plants 

(Miguel et al., 2004). 

On the other hand, some rootstocks may also reduce growth and yield of the scion 

plants. For example, working with tomato grafted on two species (tomato and scarlet 

eggplant), Oda et al. (1996) observed a depressive effect on growth and yield when 

scarlet eggplant was used; this was related to potential water deficiency caused by poor 

vascular connections at the graft union and/or small root systems. 

A comparative synthesis of these different purposes of fruit tree and vegetable 

production is presented in Table 2-1. 

Grafting and Fruit Quality 

Quality of produce encompasses sensory properties (appearance, texture, taste 

and aroma), nutritive values illustrated by various chemical constituents, and defects 

(Abbott, 1999; Bai and Lindhout, 2007). Beyond the benefits inherent to grafting as 
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described above, grafted plants need to maintain premium fruit quality to ensure 

successful marketing. Numerous studies have attempted to evaluate the influence of 

various rootstocks on the nutritional quality of both tree fruits and fruiting vegetables but 

have yielded contrasting results. 

Impact of Grafting on Fruit Tree Quality 

External and internal fruit characteristics including size, shape, peel thickness, 

juice content, and juice soluble solid concentration of citrus fruits were reported to be 

affected by rootstocks (Castle, 1995). In a study involving combinations of different 

rootstocks, interstocks and scions, Gil-Izquierdo et al (2004) observed that lemon juices 

from lemon trees grafted with sour orange (Citrus aurantium L.) rootstock showed 1.8- 

fold higher flavonoid content than that obtained from lemon trees grafted with C. 

macrophylla L. rootstock. In another study conducted by Castle et al. (1993), it also 

showed that trees on sour orange (C. aurantium L.) produced fruits of greater quality 

because of their high soluble solids concentration, greater flavor and fruit size, and 

relatively thin peel; while fruit from trees on rough lemon (C. jambhiri Lush.) rootstocks 

tended to be large, low in soluble solids and acids, and have thicker peels. Castle 

(1995) argued that sucrose and other sugars present in citrus juices are osmotica and 

thereby plant water status which can be influenced by the rootstock play primordial role 

on these attributes. As an example, it was demonstrated that fruit from trees on rough 

lemon (vigorous rootstock) had the lowest juice content and soluble solids 

concentration, and the highest leaf water potentials leading to the suggestion that the 

influence of rootstock on the soluble solids content is rather inherent to the degree of 

dilution caused by the relatively higher water potential maintained in the scion variety 

(Albrigo, 1977). 



 

42 
 

Quality of apple fruit is generally described in terms of peel color, flesh firmness, 

juice soluble solids concentration, and fruit size. Castle (1995) reviewed different 

studies demonstrating the influence of various rootstocks on apple fruit quality in 

different regions in the U.S. Inconsistent results were found regarding rootstock effects 

on apple ripening and quality. In another study, the variety M9 used as rootstock 

significantly increased flesh firmness, brixo and seed number based on the first year 

evaluation. However, during the second year of the same experiment, this same variety 

increased flesh firmness while there was no effect on fruit flesh color and brixo (Samad 

et al., 1999). In contrast, the ‘Fuji’ apple grafted onto three different rootstocks 

(Marubakaidou prunifoliu, MM-106, and M-26) did not show any significant difference on 

the total soluble solids (Motosugi et al., 1995). This study also showed that with MM-106 

and M-26 rootstocks, fruit from the trees fertilized with nitrate nitrogen were larger, had 

better surface color, higher in soluble solids, sugars, and acidity than those fertilized 

with ammonium nitrogen, implying that the response of fruit quality is also specific to the 

form of nitrogen. While, with M. prunifoliu rootstocks, however, the form of nitrogen 

supplied had no influence on the surface color, juice quality, and mineral content of the 

fruit. In another study, Larsen (1985) evaluated the effect of 9 rootstocks (M2, M7, M25, 

M26, MM104, MM106, MM109, MM111 and Seedling) on fruit quality at harvest and 

after storage of ‘Wellspur Delicious’ (WS) and ‘Gohlspur’ (GS) apples, and of 3 

rootstocks (M7, M26 and MM106) on fruit quality of ‘Red King Delicious’ (RK) and 

'Golden Delicious' (GD) apples during a 4-year period. This study revealed that fruits 

from trees grafted on M26 were larger, developed earlier color and soluble solids 

concentrations, and maintained higher levels of acidity (at harvest and during storage) 
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in comparison with other rootstocks. Fruit from trees on M2 tended to have high SS 

while fruit color from trees on MM104, MM106 and MM109 tended to be comparatively 

poor. Scalzo et al. (2005) showed that the antioxidant potential in the most widely grown 

apple cultivar, Golden Delicious, is strongly affected by the genotype of the rootstock 

onto which it is grafted. 

Analyzing the underlying mechanisms of rootstock effects on fruit quality, Castle 

(1995) noted that apple and other deciduous fruits while containing a large amount of 

water, accumulate starch which converts to sugar during ripening. Therefore, given that 

rootstocks do not produce soluble solids, it is argued that sink/source relationship (fruit-

leaf) with respect to carbon partitioning within the plant essentially controls internal fruit 

quality in apple. 

The quality attributes of grape berries, which eventually define wine quality, 

involves soluble solids (°Brix), organic acids, pH, phenolics, monoterpenes, and other 

components (e.g., proline, arginine and other amino acids) (Jackson and Lombard, 

1993). These various compounds contributing to the flavor in wines are determined in 

part in the vineyard through a complex and poorly understood relationship between the 

natural environment, vineyard management practices, and vine genotypes, including the 

rootstocks (Lund and Bohlmann, 2006). Investigating the influence of the rootstock ‘Salt 

Creek’ (V. Champini) on composition and quality of ‘Shiraz’ grapes and wine, Hale and 

Brien (1978) observed that grafted ‘Shiraz’ produced berries with lower soluble solids, 

but higher pH, titratable acidity, malate and potassium. As a result, wines made from 

berries of grafted vines were less dense, had a duller hue than that from the berries of 

own-rooted vines, and had lower values for total phenolics, anthocyanins and ionized 
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anthocyanins. These authors concluded that wine quality was negatively affected after 

grafting. Higher wine K+, pH and color hue of berries from grafted ‘Shiraz’ than that of 

the own-rooted vine were also found by Walker et al. (2000). Using 19 rootstocks and 

four scion cultivars of ‘Riesling’, ‘Ruby Cabernet’, ‘Shiraz’ and ‘Chardonnay’, Ruhl et al. 

(1988) showed that own-rooted ‘Riesling’, ‘Ruby Cabernet’ and ‘Shiraz’ had low to 

medium juice pH while the own-rooted ‘Chardonnay’ had higher juice pH; rootstocks 

‘Harmony’, ‘Dog Ridge’, ‘Freedom’ and ‘Rupestris du Lot’ generally induced a relatively 

high juice pH, whereas ‘140R’, ‘1202’, ‘5A’, ‘SO4’ and ‘101-14’ resulted in low pH. It was 

concluded that the rootstock effects on juice pH could be attributed to changes in 

potassium and sodium concentrations or in the tartrate/malate ratio. Ozden et al. (2010) 

further observed interactions of rootstocks and water supply on the quality of the berry 

fruits. It was suggested that ‘SO4’ rootstock under non-limiting water conditions is 

preferable due to its positive effect on grape quality parameters, while ‘1103P’ rootstock 

might be better choice under water-limiting conditions. 

Quality attributes of peach fruits were also examined in relation to grafting with 

different rootstocks. In a study involving 14 different rootstocks, Tsipouridis and 

Thomidis (2005) showed that GF677, PR204/84, KID 1, AN 1/6 and KID 2 presented 

greater potential in term of fruit quality evaluated such as Brixo, acids and flesh 

firmness. Drogoudi and Tsipouridis (2007) investigated the variability in the fruit 

antioxidant content of six clingstone cultivars and three breeding selections of peach 

trees grafted on three rootstocks. A clear cultivar effect was found on the fruit 

antioxidant content with less pronounced effects of rootstocks. In addition, firmness, 

soluble solids and the soluble solids to total acidity ratio were only affected slightly by 
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different rootstocks. While the total acidity of the fruit varied significantly with rootstocks; 

the fruit from ‘Suncrest’ grafted onto 'Barrier1', 'Julior', and 'Citation' had the highest total 

acidities (Giorgi et al., 2005).  

Rootstocks and Vegetable Quality 

Similar to quality of tree fruits, vegetable quality also involves various attributes 

related to physical properties and internal attributes characterizing flavor and health-

promoting compounds. These quality attributes may be influenced by grafting as a 

result of the translocation of the metabolites inherent to the fruit quality to the scion 

through xylem and/or change in the physiological processes of the scion (Lee, 1994; 

Rouphael et al., 2010). As shown on the tree fruits, literature presents several 

compelling and sometimes conflicting evidences on changes in vegetable fruits quality 

as result of grafting. Lee (1994) reported that the fruit size of watermelon grafted to 

rootstock with vigorous root systems is often significantly increased compared to fruit 

from non-grafted plants. External quality attributes including fruit color, fruit fresh 

firmness and fruit fresh thickness did not show any significant difference between the 

grafted and self-rooted tomato plants grown in the greenhouse with mycorrhiza 

application (Ulukapi and Onus, 2007). Colla et al. (2006b) observed that physical quality 

attributes such as fruit firmness and Hunter color values (L* and a*/b*) measured on the 

surface of the external pulp of melon were significantly higher in grafted plants as 

compared to non-grafted plants grown under greenhouse conditions and under saline 

conditions. Watermelon plants grafted onto Lagenaria rootstocks yielded fruits which 

were firmer by 24% than the fruits from the non-grafted plants independent of cultivar, 

rootstock and growing conditions (greenhouse vs. open field) (Yetisir and Sari, 2003). In 

their review, Rouphael et al. (2010) suggested that the effect of rootstock on vegetable 
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fruit firmness may be related to a number of anatomical and physiological changes in 

the fruits including cellular morphology, cell turgor, the chemical and mechanical 

properties of cell walls of fruit and water and nutritional status of scion. 

In addition to external quality attributes, rootstocks are also shown to have 

contrasting influences on the internal quality attributes of the fruit vegetable including 

tomato, cucumber, and watermelon. Grafting has been reported in some instances to 

increase lycopene, ß-carotene, vitamin C, and antioxidant activity while such effects 

were dependent on species or varieties of rootstocks used (Davis et al., 2008a; Dorais 

et al., 2008; Fernandez-Garcia et al., 2004b). For beef tomato, however, Dorais et al. 

(2008) reported from their unpublished studies that the lycopene content and the 

antioxidant activity of fruit from grafted and non-grafted plants were not affected by 

grafting. Other quality attributes of tomato fruit such as titratable acidity and soluble 

solid content did not show any significant difference between grafted and non-grafted 

plants (Ulukapi and Onus, 2007). The use of 'Beaufort' rootstock enhanced the growth 

and production, but resulted in lower soluble solids values (Romano and Paratore, 

2001). Possible explanations for the relative decrease of the quality parameters 

evaluated are that the improved productivity and subsequent yield increase caused a 

decreased concentration of the main fruit components (Marsic and Osvald, 2004; 

Pogonyi et al., 2005). Under saline conditions, Fernandez-Garcia et al. (2004b) 

observed that depending on the grafted cultivar, ascorbic acid of tomato fruit from 

grafted plants grown under 30 and 60 mM NaCl increased compared to non-grafted 

plants, while grafting increased the lycopene and beta-carotene content of fruit grown 

under all three salinity treatments. Moreover, Khah et al. (2006) observed no difference 
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in total soluble solids, titratable acidity and soluble solid-acidity ratios between non-

grafted tomato cv. 'Big Red' and grafted tomatoes onto 'He-Man' (S. lycopersicum L. x 

S. habrochaites S. Knapp&D.M.Spooner) and ‘Primavera’ (S. lycopersicum L.) 

rootstocks both under open-field and greenhouse conditions. More recently, Di Gioia et 

al. (2010) observed no significant differences in total soluble solids contents between 

non-grafted tomato ‘Cuore di Bue’, an heirloom 'oxheart' tomato, and grafted tomatoes 

onto two interspecific (Solanum lycopersicum L. x Solanum habrochaites S. Knapp 

&D.M. Spooner) rootstocks ('Beaufort F1' and 'Maxifort F1') grown under greenhouse 

conditions. However, these authors observed a decrease in vitamin C contents in a 

range of 14-20% in the fruit of plants grafted onto either rootstock. With respect to other 

solanaceous vegetables, Colla et al. (2008) observed that the nutritional qualities of 

grafted peppers such as fruit dry matter content, total soluble solid content, and 

titratable acidity were not affected by grafting with rootstocks. 

Among the cucurbitaceae species, Yetisir and Sari (2003) did not find any 

significant effect of grafting on the soluble solid content of watermelon fruit juice. 

However, in another study, lycopene, dehydroascorbate and total vitamin C contents on 

fruits from grafted mini-watermelon plants were higher by 40.5%, 13% and 7.3%, 

respectively, than that from non-grafted plants of mini-watermelon. The concentrations 

of spermidine and putrescine, small aliphatic polyamines found in all living organisms, 

indispensable for growth and cell multiplication, were reduced by grafting by 24% and 

59%, respectively (Proietti et al., 2008). Likewise, Huang et al. (2009) noticed an 

increase of vitamin C contents in cucumber fruits harvested from plants grafted onto 

figleaf gourd. It has been shown that Cucurbita moschata used as rootstock caused a 
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reduction in texture and flavor in grafted 'Honey Dew' fruits, despite ensuring resistance 

to Fusarium wilt (Imazu, 1949). Yetisir and Sari (2003) pointed out that the decrease in 

fruit quality does not represent a general phenomenon but depends on the specific 

scion-rootstock interaction, and on the particular combination of growing conditions. The 

total soluble solid concentration of melons grafted onto the pumpkin interspecific hybrid 

‘P360’ (C. maxima Duchesne x C. moschata Duchesne) was reported to be lower than 

those from non-grafted 'Cyrano' (C. melo L. var cantaloupensis Naud) (Colla et al., 

2006b). Among the various reasons that may explain how rootstocks negatively affect 

scion fruit quality, Rouphael et al. (2010) suggested that for instance watermelon fruits 

from grafts using interspecific hybrid rootstocks acquire color at about the same time as 

non-grafted plants, but the sugars do not accumulate until later; this results in growers 

harvesting too soon (about the same time they would harvest non-grafted plants), and 

the fruits tend to have a lower pH and a “squash” flavor. Metabolically, it was observed 

that acid invertase activity was high during the first third of watermelon fruit 

development, and then had little activity during the last 5 days of ripening. Sucrose 

synthase activity was moderately high in the first third of fruit development, and then 

remained low. Sucrose phosphate synthase increased during the second third of fruit 

development, and fell in the last five days of ripening. Therefore, the low sugar content 

of grafted watermelon is correlated with low invertase, high sucrose synthase activities, 

and low sucrose phosphate synthase activity. 

Physiological Basis of Rootstock-Scion Interactions 

Selection of an appropriate graft combination is critical for the successful growth 

and development of grafted fruit trees and vegetable species, in that evidences show 

that the scion-rootstock interaction influences several physiological processes including 
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plant nutrition, water relations, and leaf gas exchange (Gonçalves et al., 2006; Nielsen 

and Kappel, 1996). In addition to evaluating the performance of grafted plants, several 

studies were also conducted to understand how these different physiological processes 

are influenced within different graft combinations. Studies have demonstrated that 

underlying mechanisms for increased yield and vigor generally observed on grafted 

vegetable plants are attributable to increased water and nutrient uptake by vigorous 

rootstock genotypes. Nutrient and water uptake, as well as the translocation of various 

substances such as ions, photosynthates, plant hormones, and alkaloids can be 

influenced by rootstocks or by grafting with vigorous rootstock. Ruiz et al. (2007) 

observed that foliar contents of N, Na and K in grafted melon plants were determined by 

the rootstock genotype, and also these foliar contents explained the differences in yield 

observed between the grafted and non-grafted plants. Total-nitrogen (N) was found to 

be higher in grafted sweet pepper plants, but with lower microelements concentration 

(Del Amor et al., 2008). The enhanced uptake of minerals appeared to be closely 

related to the activity of enzymes responsible for absorption (Ahn et al., 1999). Studies 

by Ruiz and Romero (1999) demonstrated that grafted melon had in leaf tissue, lower 

concentrations of nitrate, higher nitrate reductase activity (NRA), and lower contents of 

total free amino acids and soluble proteins compared to the non-grafted control. Higher 

nitrate reductase and nitrite reductase activities were also found in leaves of grafted 

watermelon plants (Pulgar et al., 2000). These changes were attributed to differences in 

N utilization and assimilation between grafted and non-grafted plants which resulted in 

higher yields. Among micronutrients, Rivero et al. (2004) observed that rootstock used 

on tomato showed greater capacity for Fe uptake and accumulation. Analyzing the graft 
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compatibility in Solanaceous plants in relation to plant nutrition, Kawaguchi et al. (2008) 

observed no significant differences in nitrogen concentration among the four graft 

combinations examined including tomato/tomato, tomato/pepper, pepper/tomato and 

pepper/pepper. Furthermore, studies on melon grafting have shown that rootstocks can 

enhance some morphological and/or physiological characteristics of melon plants, 

leading to increased uptake of phosphorus (P) from soil and its translocation to the 

leaves of the scion (Ruiz et al., 1996). In another study on grafted melon plants, P 

concentrations were similar between the scion and rootstock-scion combinations (Ruiz 

et al., 1997). Kawaguchi et al. (2008) concluded that the rootstock species was the main 

factor affecting the absorption and translocation of phosphorus in the graft combinations 

of Solanaceous plants. 

With respect to grafted fruit trees, nutrient absorption and translocation in the scion 

can also be influenced by the rootstock genotypes and are shown to be positively 

related to the growth of yield of the scion. Chaplin and Westwood (1980) did not find 

any effect of rootstock on the leaf mineral content of the scion in grafted apple. 

However, Tagliavani et al. (1992) suggested that the vigor of both scion and root system 

had an important role in the uptake and translocation of nutrients in grafted fruit trees. 

Sorgon et al (2006) compared the nitrogen use efficiency of citrus trees grafted on four 

rootstocks including 'Rough Lemon' (C. jambhiri Lush), 'Sweet Orange' (C. sinensis (L.) 

Osbeck), 'Cleopatra Mandarin' (C. reshni Hort ex Tan.) and Sour Orange (C. aurantium 

L.). It was concluded that the 'Sour Orange' and 'Sweet Orange' were nitrate use 

efficient and inefficient rootstocks, respectively, while the 'Rough Lemon' and 'Cleopatra 

Mandarin' demonstrate greater and reduced genetic potential, respectively in term of 
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biomass accumulation. Iyengar et al (1982) studied the influence of various rootstocks 

on the leaf nutrient composition of mandarin cultivars 'Coorg' and 'Kinnow' and 

observed that differences due to rootstocks in the leaf nutrient composition with respect 

to N, K, Ca, Mg, Na and Mn were significant. 

In addition to nutrient accumulation, grafting with specific rootstocks may induce 

greater diversity in the performance of the scion in term of water use efficiency. 

However, there are relatively few studies on the impact of rootstocks on the water 

uptake and water use efficiency, particularly with the vegetable plants. Grafted 'Big Red' 

tomato onto 'He-mans' rootstocks showed 50% higher water use efficiency (WUE, 

measured as amount of harvested fruit per volume of transpired water) as compared to 

the non-grafted plants (Lykas et al., 2008). Many of the studies which attempted to 

demonstrate evidence of genetic variability of rootstocks in term of water use efficiency 

were conducted on the fruit tree species. When grapes were grown under well-watered 

conditions and in the absence of salinity, the effect of rootstock on scion transpiration 

efficiency and carbon isotope discrimination (Δ13C) is relatively small as related to 

variation among scion varieties (Gibberd et al., 2001; Virgona et al., 2003). These 

authors concluded that under such conditions, rootstocks affect yield through their 

influence on vine vigor and proposed that this effect would be apparent under water-

deficit conditions. Satisha et al. (2006) demonstrated that among the rootstocks 

evaluated, 'Dogridge' was the most efficient water user, followed by 'Salt Creek' and 'VC 

clone'. Pou et al. (2008) showed that the hybrid Richter-110 (Vitis berlandieri x Vitis 

rupestris) presents the potential of greater adaptation to drought. In a study involving 20 

cultivars of grapevine grown under optimal and stress conditions, Bota et al. (2001) 
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observed that Escursach was found to be promising cultivar, presenting low water 

consumption as well as high carbon assimilation. Comparing different rootstocks of 

pistachio, Germana (1996) observed that Pistacia atlantica has higher transpiration and 

photosynthetic activity than Pistacia terebinthus (11.5 mmol H2O m-2 s-1 against only 4.0 

mmol H2O m-2 s-1), particularly in stressed plants, which could make it more suitable to 

drought tolerance. Solari (2006) confirmed that rootstock effects on the peach tree 

water relations are inherent in part, to differences in the tree hydraulic conductance 

associated with specific rootstocks. Moreover, Soar et al. (2006) reported that rootstock 

effect on gas exchange of field-grown grapevines is most likely due to differences in the 

relative potential of the rootstocks to higher uptake and translocation of water to the 

scion. Koundouras et al. (2008) evaluated the rootstock effects on the adaptive 

strategies of grapevine (Vitis vinifera L. cv. Cabernet-Sauvignon) under contrasting 

water status and concluded that the rootstock ‘SO4’ could be better adapted on fertile 

soils under non-limiting water supply due to its capacity to achieve a balanced 

vegetative and reproductive growth, while ‘1103P’, a more water efficient rootstock, 

would be better to grow in semi-arid regions where water limitation occurs. 

The influence of the rootstock on nutrient and water uptake is attributed mainly to 

physical characteristics such as lateral and vertical development of the root, or greater 

uptake potential (Martínez-Ballesta et al., 2010). Thus far, there is a need to evaluate 

root distribution of the root system of the grafted plants across various environment 

conditions. During grafting process, there is development of callus tissues at the graft 

union, which allows water flow to occur from the rootstock to the scion. It is 
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demonstrated that in grafted tomato, the major hydraulic connections become functional 

over a period of 48 h from the fifth day after grafting (Turquois and Malone, 1996). 

Hormonal Influence in Rootstock-Scion Interactions 

In addition to influencing the nutritional and plant water status of the scion, there is 

evidence that hormonal status of the grafted plant is regulated by the rootstock-scion 

interaction. Rootstocks differ in their inherent capacity to produce hormones and the 

ways in which these biologically active substances are transported within the plant. It is 

demonstrated that a significant number of endogenous hormones can move from the 

rootstock through the vascular system of the graft union and affect scion growth after 

grafting (Ding et al., 2003; Lucas and Lee, 2004). These plant growth regulators, 

namely cytokinins in the root system are in part responsible for enhanced vigor and 

yield in grafted plants (Lee, 1994; Leonardi and Giuffrida, 2006; Ruiz et al., 2006b). 

Cytokinins are a group of plant hormones mainly synthesized in roots and moved 

upward in plants. They play a critical role in plant growth and development by regulating 

leaf senescence, apical dominance, root proliferation and nutritional signaling and also 

induction of photosynthesis gene expression (Hirose et al., 2008). Plants with vigorous 

root systems produce more cytokinins and the yield increase induced by a vigorous 

rootstock is closely associated with the amount of cytokinins in the ascending xylem sap 

(Lee and Oda, 2003). The cytokinin activity in xylem exudate of grafted watermelon is 

affected by rootstocks and the shoot growth in watermelon was partly attributed to the 

higher quantity of cytokinins translocated to the shoot (Yamasaki et al., 1994). However, 

during the fruit formation and maturation stages, a decrease in the cytokinin 

concentrations was noticed in both the grafted and non-grafted plants, suggesting that 

root cytokinin synthesis is regulated by the source/sink relation occurring in the plant, 
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i.e. a strong assimilate demand in the fruits results in a reduction in the cytokinin 

synthesis. Cytokinin composition varies greatly between cucurbit species with only 

zeatin and dihydrozeatin found in cucumber, whereas large quantities of 

isopentenyladenine and isopentenyladenosine are found in squash and gourd. 

Cucumber plants grafted on pumpkin rootstocks showed a 2.2 times increase in trans-

zeatin root content than non-grafted cucumber (Seong et al., 2003). 

As in the case of vegetable grafting, evidence of hormonal influence was also 

shown with respect to the fruit tree plants. Kamboj et al. (1999) evaluated the 

concentrations of zeatin and zeatin riboside in shoot xylem sap and root pressure 

exudate obtained from three apple rootstocks (M.27, M.9 and MM.106) and from trees 

of 'Fiesta' scion grafted onto the rootstocks. These authors observed that zeatin was the 

predominant cytokinin in xylem sap from the dwarfing rootstocks (M.27 and M.9), while 

zeatin riboside was the predominant cytokinin in xylem sap from the more vigorous 

rootstock (MM.106). Cytokinin concentrations in root pressure exudate and shoot xylem 

sap increased with increasing vigor of the rootstock, despite whether the plants were 

non-grafted rootstocks, or were grafted onto the rootstocks. Similar pattern was also 

observed in the shoot sap from the more vigorous rootstock (MM.106) with greater 

amounts of cytokinins than the more dwarfing rootstocks (M.9 and M.27). Moreover, a 

study on the hormonal relationship between grafted and non-grafted peach trees 

showed a positive correlation between the growth potential of the rootstocks and its 

cytokinin levels in the xylem sap in that the most vigorous rootstock ‘GF 677’ shows the 

highest level of zeatin ribulose (Sorce et al., 2002). 
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Another hormone of importance in plant growth and development is auxin which is 

primarily synthesized in the shoot and can move downward to control root growth. It is 

reported that auxin is involved in the development of compatible graft union and is 

released from vascular strands of the stock and scion and induces the differentiation of 

vascular tissues, functioning as morphogenic substances (Aloni et al., 2010). 

Measurement of endogenous indole acetic acid (IAA) and abscisic acid (ABA) in the 

new shoots and fibrous roots of ‘Eureka’ grafted onto three citrus rootstock cultivars was 

conducted by Noda et al. (2000). They found that the IAA level in the new shoots was 

highest in ‘Swingle citrumelo’ (a vigorous rootstock) and lowest in ‘Flying Dragon’ (the 

dwarfing rootstock). In contrast, the ABA level in the new shoots was highest in ‘Flying 

Dragon’ and lowest in ‘Swingle citrumelo’. These results led Sorce et al. (2002) to 

speculate that dwarfing rootstocks reduce the basipetal transport of IAA to the root, 

thereby decreasing the amount of root-produced cytokinin and gibberellin transported to 

the scion. Similarly, in their review on hormonal signaling in rootstock-scion interactions, 

Aloni et al. (2010) reported on the ‘hormone message concept’ hypothesis whereby a 

feedback loop exists in which a decrease in basipetal flow of IAA from the shoot 

stimulates the synthesis and export of cytokinins from the root. The upward movement 

of cytokinin in the xylem sap induces an increase in the synthesis and translocation of 

IAA out of the shoot apex which in turn reduces cytokinin levels in the xylem sap. 

Grafting and Gene Expression 

In addition to the hormonal communication and transport of other mobile 

macromolecules (photosynthates, amino acids) within different organs of the growing 

plant, several studies have shown that many proteins and mRNAs are also involved in 

long-distance transport through phloem. More specifically, Banerjee et al. (2006) 
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reported that after grafting, specific RNAs can also move long distances through the 

phloem across the graft union. According to Harada (2010), grafting experiments were 

used to demonstrate that long distance transport of signals is involved in various 

physiological processes such as photoperiodic flowering, tuberization, nodulation, leaf 

development, shoot branching, and defense against pathogens. Further, Kim et al. 

(2001) mentioned that signaling proteins or RNAs can move through the graft union, 

and small differences in the availability of those signals can alter growth of the scion. 

Investigating the phloem of apple plants for the presence of mRNAs that may have 

been transported over long distances from the rootstock, Kanehira et al. (2010) 

observed several mRNAs that have already been reported as phloem-transported RNA 

in other plants, including SLR/IAA14 were found to be transported from rootstock to 

scion through the graft union in apple. Furthermore, with grafting experiments, Xu et al. 

(2010) investigated the transport of endogenous gibberellic acid insensitive (GAI) 

mRNA in apple (Malus x domestica cv. Fuji and Malus xiaojinensis). Results showed 

that each GAI mRNA of scion and rootstock plants was detected in the graft 

combinations as early as 5 days after grafting, indicating that the GAI mRNA moved in 

both upward and downward directions via the graft union. Jensen et al. (2003) compare 

gene expression patterns in ‘Gala’ scions grafted to two different rootstocks (M.7 or 

M.9), which confer different levels of fire blight susceptibility to the scion. About 100 

genes were identified that were differentially expressed in ‘Gala’ scions on M.7 

rootstocks compared to ‘Gala’ scions on M.9 rootstocks. 

From a molecular perspective, Zhang et al. (2008) used eggplant as a scion and 

tomato as a rootstock to study the effects of rootstocks on the gene expression pattern 
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of the scions. They observed changes in gene expression pattern in a variety of genes 

in the eggplant scions influencing several physiological processes of the scion; these 

alterations in gene expression were induced by the effects of tomato rootstocks in that 

they were absent from the non-grafted and self-grafted eggplant controls. Furthermore, 

Kudo et al. (2007) conducted heterografting experiments using potato (Solanum 

tuberosum) as scion and tomato (Solanum lycopersicum) as rootstock to test whether 

an RNA molecule responsible for changing leaf shape could be transported and function 

across the grafting union. The study revealed that a graft-transmissible RNA from the 

tomato rootstock without any leaves could change leaf morphology of the potato scion. 

Interspecific grafts of Cucurbitaceae were used to study the mobility of structural P-

proteins in the phloem. It revealed that when Cucumis sativus L. scions were grafted 

onto Cucurbita rootstocks, at least nine additional proteins were found in the scion 

exudate after grafting and these proteins corresponded exactly to those of the 

respective Cucurbita sp. rootstock (Golecki et al., 1999) indicating the long distance 

transport of mRNAs from the rootstock into the scion. 

Concluding Remarks and Future Research Prospect 

While both fruit tree grafting and vegetable grafting are regularly performed to 

ensure tolerance or resistance to a wide array of biotic (pathogens and pests) and 

abiotic (environmental) stresses, size control (dwarfing of the scion) and the avoidance 

of juvenility are unique benefits of grafting fruit tree. Across all the fruit trees where 

grafting is used, there is a negative correlation between the vigor of the rootstock and 

the yield recorded from the grafted plants on per plant basis. Conversely, with respect to 

vegetable grafting, rootstock which induces greater vigor is preferable owing to the yield 

enhancement that usually results. The influence of rootstock-scion interaction on the 
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quality attributes of the fruits is still elusive. In general, metabolic processes inherent to 

fruit quality attributes seem to be primarily species-driven and are under scion genetic 

control. However, these processes may also be influenced by environmental factors, 

management practices and the rootstock genotypes. It seems that in the fruit trees, 

rootstock with greater vigor potential which yields fruit with bigger size tends to induce a 

decrease in some internal chemical attributes, e.g., soluble solids content. While on the 

vegetable fruit namely watermelon for instance, a delay inherent to grafting in sugar 

accumulation in the fruit may explain a decrease in soluble solids content observed in 

grafted watermelon fruit. In essence, it is unclear how rootstocks exert their influence on 

fruit quality but water relations, nutrition, and plant growth regulators are undoubtedly 

among the most important factors involved. 

Research efforts have been made to understand how rootstocks interact with the 

scions to cause anatomical, physiological, hormonal, and to some extent quality 

changes noticed. The findings help to gain in-depth knowledge of several physiological 

and molecular processes that are the driving forces of the growth, yield formation and 

nutritional quality attributes of the grafted plants. However, several mechanisms 

including gene expression and long distance transport of macromolecules and the direct 

interconnection with the performance of the grafted plants are still unclear. More 

research is still needed to demonstrate how the hormonal communication and long 

distance transport of mRNA influence the growth and development of grafted plants, 

namely with tomato as plant model. Further, the performance of available rootstocks, for 

instance on tomato grafting on a wide range of scions across various growing systems 

needs to be evaluated in-depth given that the effects of rootstocks on scion vigor and 
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yield are to some extent specific to scion/rootstock combinations. It is also necessary to 

demonstrate whether using the grafting with rootstock would lead to a reduction in the 

requirements of water and nutrients for optimum production especially under field 

conditions. 
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Table 2-1. Comparative summary of key research findings on the use of grafting in fruit trees and vegetables 

Key Areas  
Fruit Trees  Vegetables 

Citrus Apple Grapes Other  
Cucurbits: Watermelon, 

cucumber, melon 
Solanaceous: Tomato, 

eggplant, pepper, potato 

Response to 
Environmental stresses 

Tolerance and/or resistance to salinity, drought, low 
temperature, flooding 

 Tolerance and/or resistance to salinity, drought, 
heat and cold, flooding 

Avoidance of juvenility Allow precocity into fruit production  Grafting delays reproductive stage 

Size control and vigor Dwarfing rootstocks are used to control the size  Vigor is improved  

Yield 
Yield per plant is reduced but high density of planting 
enhances the yield on area basis 

 Strong vigor results in high yield 

Physiology        

    Nutrient 
Improved 
NUE, Higher 
N, K, Ca, Mg 

Leaf mineral 
content 
similar 

- -  Enhanced nitrogen 
assimilation 

Higher nutrient 
accumulation but similar 
nutrient concentration 

    Water Increased WUE, particularly in stress conditions  WUE not explored  Water uptake is improved 

    Gas exchange 
Improved Carbon assimilation, stomatal conductance, 
transpiration and other parameters 

 Improved Carbon as Water uptake is improved 
similation, stomatal conductance, tanspiration 

    Hormone 
Cytokinin and Auxin higher on rootstocks with high vigor  Higher Cytokinin Auxin 

concentration 
Not well explored 

Quality 
Quality is negatively correlated with vigor. Dwarfing 
rootstock tends to increase nutritional quality attributes, e.g. 
SSC 

 Inconsistent findings, as related to internal quality 
attributes 

NUE: nitrogen use efficiency, WUE: water use efficiency, SSC: Soluble solids content 
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CHAPTER 3 
INTERSPERSPECIFIC ROOTSTOCKS ENHANCE TOMATO YIELD WITHOUT 

COMPROMISING FRUIT QUALITY UNDER GREENHOUSE CONDITIONS 

Introduction 

Grafting creates a new plant with combined desirable aboveground and 

belowground attributes from selected scion and rootstock plants. In addition to its 

application for fruit trees, grafting has been successfully used in production of 

solanaceous and cucurbitaceous vegetables such as tomato (Solanum lycopersicum 

L.), eggplant (S. melongena), pepper (Capsicum annuum), watermelon (Citrullus 

lanatus), melon (Cucumis melo), and cucumber (Cucumis sativus) (Lee and Oda, 

2003). In these species, grafting has been an effective tool for management of root-knot 

nematodes (Meloidogyne incognita) and soilborne diseases including Fusarium wilt 

(Fusarium oxysporum), Verticillium wilt (Verticillium spp), and bacterial wilt (Ralstonia 

solanacearum) (Davis et al., 2008b; Lee, 1994; Lee and Oda, 2003; Leonardi and 

Romano, 2004). The disease resistance acquired by grafted plants is mainly attributed 

to the disease-resistant rootstocks, although specific mechanisms are not yet well 

understood. Vegetable grafting has thus evolved into a sustainable tool that fits within 

an integrated pest management program to tackle site-specific problems and reduce 

pesticide inputs (Bletsos et al., 2003; Iouannou, 2001; Kubota et al., 2008). As a viable 

sustainable alternative to soil fumigation, grafting has been widely adopted by vegetable 

growers in East Asia and Mediterranean countries. Recent research in the U.S. has 

explored effectiveness of grafting to successfully manage soil-borne pathogens in both 

conventional and organic vegetable production systems (Kubota et al., 2008; Rivard 

and Louws, 2008). 
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Beyond disease resistance, efficiency of nutrient and water use also increases in 

grafted vegetables, an effect often ascribed to the vigorous root systems of rootstocks 

(Lee, 1994; Passam et al., 2005). Modification of endogenous plant hormone (e.g., 

cytokinins) status by the rootstock is also suggested to play an important role in 

promoting growth of the “graft hybrid” (Davis et al., 2008b; Edelstein, 2004; Lee, 1994; 

Lee and Oda, 2003). 

The performance of grafted vegetables may vary substantially among rootstock-

scion combinations. It was reported that potential for yield increase in grafted melon 

was greatly dependent upon the rootstock genotypes (Ruiz et al., 1997). Both 

intraspecific and interspecific hybrid rootstocks are typically used for tomato production 

(Oda, 2007). Grafted tomato plants with interspecific rootstocks exhibit more vigorous 

growth and higher yield compared to self-grafted tomato scion plants and those grafted 

onto intra-specific rootstocks (Leonardi and Giuffrida, 2006). Interspecific rootstocks (S. 

lycopersicum × S. habrochaites) including ‘Maxifort’ and ‘Beaufort’ (De Ruiter Seeds 

Inc., Lakewood, CO, USA) are among the most popular tomato rootstocks in North 

America (King et al., 2010). In addition to high resistance to a range of soilborne 

pathogens and root-knot nematodes, they are recognized by both greenhouse and field 

growers (Kubota et al., 2008; Rivard et al., 2010a) for improving plant vigor and yield of 

grafted tomato even under low disease pressure.  

Considering the increasing interest from tomato growers in the integrated use of 

grafting techniques for sustainable production (King et al., 2010; Rivard et al., 2010a), 

more research is needed to elucidate the influence of available tomato rootstocks on 

plant growth, yield, nutrient uptake, and fruit quality beyond disease resistance. Khah et 
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al. (2006) observed that grafting might delay first flowering date and first harvest of 

tomato due to the physical stress incurred by grafting. Knowing how rootstocks may 

affect early yield of tomato would be of great interest to market growers. Quality 

assessment of fruits from grafted vegetables is also critical especially when a new 

rootstock is used since some rootstocks may cause undesirable changes in sensory 

and nutritional-quality attributes of fruits (Davis et al., 2008a; Davis et al., 2008b). Thus, 

especially in the U.S., effects of these interspecific rootstocks on soil-borne disease 

control and yield increase are well known (Barrett et al., 2012a; Rivard and Louws, 

2008), however less is known about the underlying effects on plant growth, nutrient 

uptake, and fruit nutritional quality. 

Consequently, the objectives of this study were to: 1) determine the biomass, 

nutrient accumulation, and yield performance of tomato plants grafted onto disease-

resistant interspecific rootstocks under greenhouse conditions, and 2) determine the 

effects of different rootstocks on quality attributes of tomato fruit. 

Materials and Methods 

Tomato Grafting and Planting 

Two greenhouse studies evaluated first, the effects of a commonly used tomato 

rootstock ‘Maxifort’, and second, performance of this rootstock relative to three others, 

‘Beaufort’, ‘Multifort’ (De Ruiter Seeds Inc., Lakewood, CO, USA), and ‘RST-04-105’ 

(DP Seeds, Yuma, AZ, USA). The tomato cultivar ‘Florida 47’ (S. lycopersicum) 

(Seminis Vegetable Seeds, Inc., Saint Louis, MO, USA) was used as the scion in both 

studies.  

The first greenhouse study was conducted from October 2007 to April 2008. 

Seeds of ‘Maxifort’ and ‘Florida 47’ were sown into 128-cell styrofoam flats (Speedling 
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Incorporated, Sun City, FL, USA) with Metro-Mix 200 (Sun Gro Horticulture, Bellevue, 

WA, USA) in the greenhouse on 18 and 20 October 2007, respectively. Plants were 

grafted using the splice method (Lee, 1994) on 21 November 2007 when 5 to 6 true 

leaves were present. Grafted plants were placed in a closed healing chamber equipped 

with two humidifiers, where temperature ranged from 22 oC to 32 oC, and relative 

humidity was maintained above 80%. Light and ventilation were introduced gradually 

after a dark period of 3 days. Overall healing was completed within 7 days, with a 

survival rate above 90%. Ten days after grafting, the grafted plants /‘Florida 

47’/‘Maxifort’ (scion/rootstock, FL/MA) and non-grafted ‘Florida 47’ (FL) plants were 

transplanted into 11.4-L black plastic containers filled with Metro-Mix 200. The 

experiment was arranged as a randomized complete block design with 4 replications 

(blocks) and 10 plants in each treatment per replication. Fertilizers including 20 N-8.8 P-

16.6 K, and 15.5 N-0 P-0 K-19 Ca were incorporated into each container every 5 to 14 

days, depending on plant growth and development. Application rates ranged from 4 to 

28 g per plant. Plants were watered daily with 0.6 L to 2.0 L per plant. 

The second greenhouse study was conducted from January to June 2009. Seeds 

of the rootstocks including ‘Maxifort’, ‘Beaufort’, ‘Multifort’, and ‘RST-04-105’ were sown 

on 2 January 2009 and seeds of the scion ‘Florida 47’ were sown on 6 January 2009, 

using the same transplant production system described above. Tomato plants were 

grafted on 29 January 2009. The chamber described above was equipped with an auto-

control air conditioning system for healing the grafts, where temperature was 

maintained at 25±3 oC. Twelve days after grafting, control plants, including non-grafted 

‘Florida-47’ (FL) and self-grafted ‘Florida 47’ (FL/FL), as well as completely-healed 
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grafts from ‘Florida 47’/‘Maxifort’ (FL/MA), ‘Florida 47’/‘Beaufort’ (FL/BE), ‘Florida 

47’/‘Multifort’ (FL/MU), and ‘Florida 47’/‘RST-04-105’ (FL/RS) were transplanted into 

11.4-L black plastic containers filled with horticultural grade perlite. A randomized 

complete block design with 4 replications was used, with 6 plants in each treatment per 

replication. A fertigation system using Dosatron injectors (Dosatron International, Inc., 

Clearwater, FL, USA) and 1.89 L h-1 drippers (Netafim irrigation, Inc., Fresno, CA, USA) 

was established to deliver nutrient solution to each plant. Nutrient solution formulations 

developed by Hochmuth and Hochmuth (2001) were modified to provide solutions 

containing concentrated macro and micro nutrients as follows: 236 mM H3PO4, 321 mM 

KCl, 398 mM MgSO4, 237mM KNO3, 550 μM CuSO4, 2 mM MnSO4, 54 μM ZnSO4, 1 

mM Na2B8O13, and 100 mM NaMo in stock A; 1581 mM CaNO3 and 79 mM Fe330 in 

stock B. By adjusting dilution rates, mixed nutrient solutions of appropriate 

concentrations were supplied to plants based on plant growth and development. Twenty 

to thirty cycles were scheduled each day to fertigate each plant with a 1- or 2-minute 

delivery per cycle. Axial branches (suckers) below the first fruit cluster were pruned 

during both greenhouse experiments. 

Tomato Yield Measurements 

Tomato fruit were harvested at or after the breaker stage of ripeness. In the 2007 

to 2008 study, these fruits were harvested 12 times from 10 plants in each treatment 

and replication between 74 and 140 days after transplanting (DAT). In the 2009 study, 

fruit were harvested 9 times from 4 plants each treatment and replication between 63 

and 120 DAT. These harvests were reported as yields from early, mid, and late period 

of the seasons, with each period representing 4 or 3 harvests the first and second 
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studies, respectively. Analyses included fruit number, average fruit weight, and total 

marketable yield per plant.  

Plant Growth and Nutrient Accumulation  

In the 2009 greenhouse experiment, one plant from each treatment per replication 

was sampled at 28, 63, and 120 DAT, (respectively representing anthesis, first fruit 

harvest, and final fruit harvest) for destructive analyses of plant total leaf area and 

biomass accumulation. Each plant sampled was separated into leaf blades, petioles, 

stems, fruit, and roots. After measuring the fresh weight of each pooled fraction, 

representative sub-samples (approximately 300 g each), with (500 g for fruit) were used 

to determine fresh weight / dry weight ratios. Dried weights were obtained after sub-

samples were dried in a forced-air oven at 60°C for 72 to 120 h to a constant weight. 

Data were used to calculate total plant dry weight and that of component organs. Leaf 

blade area of the sub-samples of leaf blade was measured using a LI-COR 3100 leaf 

area meter (LI-COR Inc., Lincoln, NE, USA). Total leaf area was then estimated for 

each plant. 

Nutrient accumulation was evaluated on plant tissue samples collected from each 

treatment per replication at 28, 63, and 120 DAT. Dried sub-samples of each plant part 

(i.e., blade, petiole, stem, and fruit) were ground using a Thomas-Wiley mill (A.H. 

Thomas Co., Philadelphia, PA) until particles could pass through a 1-mm screen. These 

were then analyzed for the concentrations of nitrogen, phosphorus, potassium, and 

calcium based on procedures described by Mylavarapu and Kennelley (2004). Briefly, 

for N analysis, ground tissues were digested with a concentrated sulfuric acid. After 

digestion, total Kjeldahl N was determined using automated colorimetric analysis. 

Tissues were digested in a concentrated hydrochloric acid for determination of P, K, and 
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Ca. Inductively coupled plasma spectrophotometry was used to analyze K and Ca 

concentrations, while atomic absorption spectroscopy in combination with colorimetric 

analysis was used for P analysis. Finally, accumulation of N, P, K, and Ca into above-

ground plant parts was estimated based on the dry weights of blade, petiole, stem, and 

fruit fractions and the collective nutrient levels in each of these plant parts. 

Fruit Quality Assessment 

Fruit quality attributes were analyzed during the early and mid fruit harvest periods 

of the 2009 experiment. Composite samples of five randomly-selected, marketable, ripe 

fruit from each treatment were used for measurements of pH, total titratable acidity 

(TTA), soluble solids content (SSC), ascorbic acid, lycopene and β-carotene 

concentrations, and phenolic content. To ensure similar ripeness of fruit across different 

treatments, tomato fruit were first stored at 20 oC after harvest and fruit color was 

monitored using a Minolta CR-400 colorimeter (Konica Minolta Sensing Americas, Inc., 

Ramsey, NJ, USA). When the “a*” value (negative for green and positive for red) 

reached the positive peak level, fruit were cut into quarters and frozen at -30 oC before 

extraction. The thawed and homogenized samples were centrifuged (20 min; 17,600 × 

gn; 4°C). The resulting supernatant was filtered through cheesecloth prior to analysis. 

The TTA was determined by titration using Titrino Metrohm (model 719 S, Switzerland) 

of 6.0 g of juice plus 50 mL of water with 0.1N sodium hydroxide solution until pH 8.2 

was reached and the TA was expressed as percent citric acid. The pH of the diluted 

juice was determined automatically using the same equipment for TTA determination. 

Soluble solids content was measured by a digital refractometer (model ABBE Mark II, 

Cambridge Instruments Inc, U.S.A) and expressed as per cent FW of the juice. 
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The concentration of ascorbic acid in tomato fruit was measured spectrometrically 

according to the AOAC method 967.21 (Aoac-International, 2000) (Horwitz, 2000). The 

modified method of Nagata and Yamashita (1992) was used to determine 

concentrations of lycopene and β-carotene. Briefly, 1.0 g of homogenized fruit sample 

was mixed with 16 mL of acetone/hexane (2:3, v/v) solvent. For carotenoid extraction, 

the mixture was placed in the freezer at -20 oC for 60 min, followed by vortex shaking for 

30 sec (fast speed). Two phases were separated in the extract. An aliquot from the 

upper phase was measured for absorbance (Abs) at 663, 645, 505, and 453 nm by 

spectrophotometer, using the hexane solvent as a blank. The final concentrations of 

lycopene and β-carotene in the fruit samples (μg/g FW) were calculated based on the 

following equations: lycopene (mg/100 mL of extract) = – 0.0458 × Abs663 + 0.204 × 

Abs645 + 0.372 × Abs505 – 0.0806 × Abs453; β-carotene (mg/100 mL of extract) = 0.216 × 

Abs663 – 1.22 × Abs645 – 0.304 × Abs505 + 0.452 × Abs453. Phenolic contents in the 

hydrophilic and lipophilic fractions of fruit extract were determined as described 

previously by Toor and Savage (2005).  Gallic acid was used as the standard and 

results were expressed as gallic acid equivalents per 100 g fresh weight. 

Statistical Analyses 

Analysis of variance was performed for both greenhouse experiments, using the 

Proc Mixed Procedure of the SAS system for Windows (version 9.2, Cary, NC, USA). 

Data at each sampling was analyzed separately with a model including fixed effects of 

graft types and repetition (block) as a random term. Multiple comparisons among 

treatments were done using Fisher’s LSD test and treatments were considered different 

at P ≤ 0.05.  
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Results  

Tomato Yield Components 

In both the 2007-2008 and 2009 experiments, total marketable yields of ‘Florida 

47’ were significantly improved by grafting with interspecific rootstocks (Tables 3-1 and 

3-2). The yield increase of grafted plants began at the mid and early harvests in 2008 

and 2009, respectively. In the 2009 experiment, the four rootstocks tested resulted in 

similar total marketable fruit yields with no significant differences among them. More 

specifically, in the 2007-2008 experiment, where only ‘Maxifort’ was used as a 

rootstock, the total marketable yield was increased approximately 45% by using grafted 

plants. In the 2009 experiment, use of grafted plants increased total marketable yield by 

an average of 66% relative to either non-grafted or self-grafted plants. The yield 

increases observed in both years were largely attributable to significantly higher 

numbers of fruit per plant. On the other hand, higher average fruit weight also 

contributed to the total yield increases of FL/RS in 2009. Moreover, in the 2009 

experiment, increased average fruit weight was also observed in FL/MU and FL/RS at 

the early fruit harvest and for FL/MA and FL/MU at the late fruit harvest, while all four 

rootstocks had higher average fruit weight at mid fruit harvest. 

Plant Growth  

In the 2009 experiment, leaf area and total aboveground dry matter accumulation 

were similar between non-grafted ‘Florida 47’and grafted plants with interspecific 

rootstocks at 28 DAT, i.e., the anthesis stage (Table 3-3). More vigorous growth as a 

result of grafting with interspecific rootstocks was observed as plant development 

progressed. At 63 DAT, i.e., first fruit harvest, grafting with all the interspecific 

rootstocks led to a significant increase in leaf area. Specifically, the average leaf area of 
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tomato plants grafted onto these rootstocks was 37% and 41% greater than that of non-

grafted and self-grafted plants, respectively. In addition, total aboveground biomass of 

FL/MA and FL/MU was significantly higher than FL/FL and FL. Plant growth declined 

toward the final fruit harvest (120 DAT), while FL/MA appeared to retain growth vigor, 

exhibiting significantly higher aboveground biomass and larger leaf area at final harvest 

relative to FL and FL/FL. The root dry weight of grafted plants was significantly lower 

than that of non-grafted plants at 28 DAT. Grafting with interspecific rootstocks led to 

similar root growth compared with non-grafted plants at 63 and 120 DAT, whereas self-

grafting resulted in a significant reduction of root growth throughout the growing season.  

Plant Tissue Nutrient Concentrations 

The macronutrient concentrations in plant tissues varied considerably between 

treatments (Table 3-4 and 3-5). At 28 DAT, FL/MA had significantly higher N and Ca 

concentrations in leaf blades than FL or FL/FL. Similarly, FL/MU and FL/BE had higher 

concentrations of K. In contrast, P concentrations in leaf blades were consistently lower 

in grafted plants than non-grafted plants. Concentrations of N in the petiole were similar 

among all the treatments, whereas self-grafted ‘Florida 47’ and ‘Florida 47’ grafted onto 

all interspecific rootstocks except FL/RS had significantly lower concentrations of P than 

non-grafted ‘Florida 47’. Concentration of K in the petiole was significantly higher in 

FL/RS while Ca concentrations were significantly higher in FL/MA and FL/MU as 

compared with FL and FL/FL. Grafting did not significantly affect the concentrations of K 

and Ca in the stem. FL/MU had a significantly higher N concentration than FL. With 

respect to P in the stem, FL/BE and FL/MA had lower concentrations of P than FL. 

Overall, N concentrations were highest in the leaf blades despite the different grafting 

combinations whereas K concentrations were highest in the petiole and stem.  
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Plant tissue nutrient concentrations tended to decrease at 63 DAT relative to 28 

DAT, especially for N and K. Some differences in nutrient concentrations were observed 

between grafted and non-grafted plants. FL/BE and FL/RS had higher concentrations of 

N in the leaf blades than did FL, whereas FL/RS had a lower N concentration in the fruit 

(Table 3-5). Some grafting treatments with interspecific rootstocks also showed higher 

concentrations of K and Ca compared with non-grafted plants. For instance, K 

concentrations were significantly higher in the stem of all grafted versus non-grafted 

plants, and in the FL/MA and FL/RS plants, K levels were also higher in leaf blades. 

Similarly, plants grafted onto the interspecific rootstocks had significantly higher 

concentrations of Ca in their petioles and stems compared to non-grafted ‘Florida 47’. 

FL/MU also had a higher Ca concentration in leaf blades compared with FL. The 

concentration of P in leaf blades and petioles was also significantly lower in the 

interspecific grafted plants other than RS/FL. 

At 120 DAT, few detectable differences remained in nutrient concentrations 

between grafted and non-grafted plants (data not shown).  

Plant Nutrient Accumulation 

At the earliest growth stage (28 DAT), accumulation of N, K, and Ca showed no 

significant difference between non-grafted plants and plants grafted with interspecific 

rootstocks. However, some grafted plants showed significantly lower accumulations of P 

than non-grafted plants (Table 3-6). Overall, plant accumulation of N and K was higher 

than P and Ca regardless of grafting. 

At 63 DAT, enhanced nutrient uptake as a result of grafting with interspecific 

rootstocks was in accordance with vigorous growth of grafted plants (Tables 3-3 and 3-

7). Plants grafted onto interspecific rootstocks showed significantly higher 
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accumulations of N in the leaves compared to non-grafted ‘Florida 47’, while N 

accumulation in self-grafted plants did not differ significantly from non-grafted plants. 

Similarly, total accumulated K and Ca in the leaves were also significantly higher with 

grafted plants relative to non-grafted and self-grafted plants. In contrast, P accumulation 

was similar between grafted and non-grafted plants. As expected, aboveground 

accumulations of nutrients were more concentrated in leaves and fruit compared to 

stems. In general, fruit of plants grafted with interspecific rootstocks had significantly 

higher levels of Ca than those of non-grafted plants. 

At the end of the production season, grafted plants with certain interspecific 

rootstocks maintained higher levels of N, K, and Ca accumulation than FL/FL and FL, 

while little influence of rootstocks on the accumulation of P was observed (data not 

shown).  

Fruit Quality Assessment 

In general, the use of interspecific rootstocks did not affect fruit quality attributes. 

Values were similar for pH, SSC, TTA, and ascorbic acid, lycopene, β-carotene, and 

phenolic contents for non-grafted tomatoes and fruit from most grafted treatments 

(Table 3-8). However, some changes in fruit quality did result from certain rootstocks at 

the mid fruit harvest, in contrast to the early harvest. The TTA of fruit from FL/BE and 

FL/MA was significantly lower than that of FL during the second fruit harvest. In 

addition, FL/MA had a lower level of fruit hydrophilic phenolics than did FL. On the other 

hand, FL/MU showed an increased value of fruit lipophilic phenolic content relative to 

FL. Values of ascorbic acid, lycopene, and phenolic contents were higher at the mid fruit 

harvest compared to the early fruit harvest independent to the treatments.  
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Discussion 

In these greenhouse studies, grafting with interspecific rootstocks led to a 

significant increase in marketable tomato yield in comparison with non-grafted plants. 

The overall result is consistent with previous reports of yield improvement from use of 

specific rootstocks in tomato production in other regions. Leonardi and Giuffrida (2006) 

for example, observed a 30% higher marketable yield in grafted tomato plants with 

‘Beaufort’ rootstock vs. non-grafted plants. Pogonyi et al. (2005) also noted an increase 

of approximately 62% in tomato yield by grafting tomato cultivar ‘Lemance F1’ onto 

‘Beaufort’ rootstock. In addition, Lee and Oda (2003) reported that grafting ‘Seokwang’ 

tomato onto ‘Kagemusha’ rootstock increased fruit set by 39% and marketable fruit yield 

by 54%. Percentage of cull fruit was also reduced. 

Our results indicated that the enhancement in total marketable yield by the 

interspecific rootstocks was primarily due to the increase of fruit number per plant and 

increased average fruit weight. The present study also showed that the percentage of 

cull fruit of the grafted plants was significantly lower than that of the non- and self-

grafted plants (data not shown). Further, use of both non-grafted and self-grafted 

controls in this study showed that yield improvement in grafted plants could be ascribed 

to the specific rootstocks used rather than the grafting process per se. 

The yield increase in grafted tomato plants was accompanied by enhanced vigor 

in comparison with non-grafted plants. The greater leaf area of grafted plants probably 

helped improve photosynthesis and accumulation of aboveground biomass, which in 

turn could lead to improved fruit yield. The positive influence of rootstocks on enhanced 

vigor of the tomato scion observed in this study concurs with previous studies that have 

demonstrated a consistent increase in growth as a result of grafting with vigorous 
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rootstocks (Colla et al., 2010; Di Gioia et al., 2010; Leonardi and Giuffrida, 2006; Yetisir 

et al., 2007). Although the vigorous root system of rootstocks has been suggested to 

cause the enhanced aboveground growth (Lee et al., 2010), the dry weight of roots 

measured in the present study did not differ significantly between grafted and non-

grafted tomato plants. The overall architecture of these roots was not appraised here, 

however, and roots of grafted plants actually appeared visibly smaller during early 

growth. Future research will be able to test the possibility indicated here, that root 

architecture may be more important than root dry weight on extent of rootstock-scion 

interactions. Evidence from other species also supports this suggestion (Eissenstat, 

1991). 

Similar observations also indicated that the positive influence of rootstocks on the 

nutrient contents of the aboveground plant tissues may depend upon the physical 

characteristics of the root system, such as lateral and vertical development (Lee, 1994; 

Martínez-Ballesta et al., 2010). O’Connell (2008) reported that use of ‘Maxifort’ as a 

tomato rootstock resulted in greater levels and accumulations of N, P, Ca, Mg, S, Fe, 

Mn, Zn, Cu, and B per unit dry weight. Similarly, Leonardi and Giuffrida (2006) observed 

an increase of 31 to 112% in accumulated P, Ca, and S with plants grafted on ‘Beaufort’ 

compared with self-grafted plants. This may be directly linked to the increased growth 

and development by grafted plants (Lee, 1994; Lee et al., 2010). Under conditions of 

the present study, some of the rootstocks improved the nutrient status of tomato scion. 

Tissues had higher concentrations and accumulations of N, K and Ca. In particular, the 

enhancement of Ca uptake by grafted plants might have contributed to the reduced 

incidence of blossom end rot in tomato fruit (data for cull fruit not shown). However, the 
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leaf concentrations of P tended to be lower in grafted plants especially with ‘Maxifort’, 

‘Multifort’, and ‘Beaufort’ rootstocks, relative to non-grafted ‘Florida 47’. ‘Beaufort’ and 

‘Multifort’ also led to a decrease of leaf P accumulations at the early growth stage, while 

such a decrease was attenuated by the middle of the growing cycle. 

Although grafted plants may offer benefits of disease control and yield 

enhancement, grafting will not be economically advantageous for tomatoes unless 

plants maintain premium fruit quality for successful marketing. In the present work, 

measurements of flavor-related attributes (pH, SSC and TTA) as well as nutritionally 

important antioxidants (ascorbic acid, lycopene, β-carotene, and phenolics content) did 

not reveal significant influence of rootstocks during early harvest. Later, at mid fruit 

harvest, some differences were detectable with certain rootstocks. This indicates that 

assessment of rootstock effects on fruit quality may need to be included multiple 

harvests to identify possible effects of developmental and/or environmental factors. 

Previous studies have yielded inconsistent findings on changes in fruit quality attributes 

as affected by grafting with specific rootstocks. Some quality attributes were improved 

by grafting with certain rootstocks (Davis et al., 2008a; Dorais et al., 2008; Fernandez-

Garcia et al., 2004b), while neutral or negative effects were also noted (Dorais et al., 

2008; Ulukapi and Onus, 2007). More specifically, Fernandez-Garcia et al. (2004b) 

observed significantly higher levels of lycopene and β-carotene when tomato cultivars 

Fanny and Goldmar were grafted onto the rootstock ‘AR-9704’. Responses were 

evident in tomato fruit under both non-saline and saline conditions. Although (Pogonyi et 

al., 2005) reported lower SSC and TTA values in ‘Lemance F1’ tomato from plants 

grafted onto ‘Beaufort’ rootstocks, our study showed a decrease of TTA only, and this 
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was limited to mid fruit harvest, and only when ‘Beaufort’ or ‘Maxifort’ were used as 

rootstocks. Di Gioia et al. (2010) detected a consistent decline in vitamin C content in 

‘Cuore di Bue’ tomato fruit from grafted plants compared to non-grafted plants at various 

harvest dates. Flores et al. (2010) speculated that in grafted plants, metabolic 

processes inherent to fruit quality may be largely species-driven and controlled by the 

scion. However, some of the fruit quality attributes may also be influenced by the 

rootstock as a result of metabolites, hormones, and RNAs moving to the scion through 

xylem or phloem (Lee, 1994; Rouphael et al., 2010). 

Conclusions 

This study demonstrated improved marketable fruit yields as a result of grafting 

with vigorous rootstocks in tomato production under greenhouse conditions with 

sufficient water and nutrient supplies. Greater leaf area and biomass in the 

aboveground plant tissues were also observed in grafted tomato plants compared with 

non-grafted and self-grafted scion plants. Both increased fruit number per plant and 

higher average fruit weight contributed to yield enhancement by grafted plants 

depending upon the rootstock used. Among the rootstocks evaluated in this study, 

‘Maxifort’ and ‘Multifort’ showed the greatest potential for increasing growth and yield of 

‘Florida-47’ as compared to self-rooted and self-grafted plants. In general, grafted plants 

with interspecific rootstocks showed greater accumulation of N, K and Ca compared 

with non-grafted and self-grafted plants. In contrast, concentrations of P were 

consistently higher in non-grafted than grafted tomato plants. Overall, grafting with the 

interspecific rootstocks evaluated here did not consistently influence detectable 

attributes of fruit quality such as SSC, TTA, or levels of vitamin C, lycopene, carotenoid, 

or total phenolics. 
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Table 3-1.  Marketable yield, number of fruit, and average weight of tomatoes from 
grafted plants with ‘Florida 47’ scions on a ‘Maxifort’ rootstock (FL/MA) and 
from non-grafted ‘Florida 47’ (FL) plants during early, mid, and late harvest 
periods in the 2007-2008 greenhouse experiment.    

Treatment 
Marketable yield 

(g/plant) 
Number of fruit 

(#/plant) 
Average fruit weight 

(g/fruit) 

(Early harvest) (74 to 88 DAT) 

FL/MA 604.6 4.1 150.1 

FL 687.9 4.9   140.3 

Significancea NS NS NS 

(Mid harvest) (92 to 109 DAT) 

FL/MA 1277.0 9.6  132.7 

FL  877.1 6.9  127.4 

Significancea P<0.01 P<0.05 NS 

(Late harvest) (114 to 140 DAT) 

FL/MA 1208.3 8.5    142.3 

FL  557.8 4.3    126.1 

Significancea P<0.05 P<0.05 NS 

  (Total harvest)  

FL/MA 3089.9 22.2  139.3 

FL 2122.8 16.1  131.3 

Significancea P<0.05 P<0.05 NS 
aComparison between grafted and non-grafted tomato plants.  
NS, non-significant. 
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Table 3-2.  Marketable yield, number of fruit, and average weight of fruit from non-
grafted tomato ‘Florida 47’ (FL) plants, self-grafted ‘Florida 47’ (FL/FL) plants, 
and from grafted plants with ‘Florida 47’ scions on rootstocks of either 
‘Beaufort’ (BE/FL), ‘Maxifort’ (MA/FL), ‘Multifort’ (MU/FL), or ‘RST-04-105’ 
(RS/FL). Analyses are from the 2009 greenhouse experiment. 

Treatment Marketable yield (g/plant) Number of fruit/plant Average fruit weight (g/fruit) 

  Early harvest  

FL/BE             1788.3 a 8.8 a  212.0 ab 

FL/MA             1817.0 a 8.3 a 216.8 ab 

FL/MU             1800.0 a 8.0 a 226.8 a 

FL/RS             1873.0 a 8.3 a 223.8 a 

FL/FL             1381.3 b 8.0 a 182.5 c 

FL             1438.0 b 7.5 a  198.8 bc 

  Mid harvest  

FL/BE  2454.8 ab 15.3 a 163.8 b 

FL/MA 2788.3 a 16.5 a   180.3 ab 

FL/MU 2640.5 a 15.0 a   179.5 ab 

FL/RS 2109.3 b   10.8 b 193.0 a 

FL/FL 1346.8 c 10.5 b 130.8 c 

FL 1354.0 c 10.5 b 128.0 c 

  Late harvest  

FL/BE 351.8 ab 5.0 a 70.0 b 

FL/MA 384.0 ab 5.5 a 79.0 a 

FL/MU 582.8 a 6.8 a 86.0 a 

FL/RS 396.0 ab 6.0 a   71.5 ab 

FL/FL 125.3 b 4.0 a 16.8 c 

FL 65.0 b 1.5 a 53.0 b 

  Total harvest  

FL/BE 4594.8 a 28.5 a  162.0 ab 

FL/MA 4989.0 a 29.3 a  173.8 ab 

FL/MU 5023.3 a 29.8 a  174.3 ab 

FL/RS 4377.8 a   25.5 ab 177.0 a 

FL/FL 2852.8 b   22.3 ab 135.0 c 

FL 2856.8 b 19.3 b   149.8 bc 

Means within a column followed by the same letter are not significantly different at 
P≤0.05 using Fisher’s LSD test. 
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Table 3-3.  Leaf area and dry weight of oragans from non-grafted tomato ‘Florida 47’ 
(FL) plants, self-grafted ‘Florida 47’ (FL/FL) plants, and grafted plants with 
‘Florida 47’ scions on rootstocks of either ‘Beaufort’ (BE/FL), ‘Maxifort’ 
(MA/FL), ‘Multifort’ (MU/FL), or ‘RST-04-105’ (RS/FL), as measured during 
the production period in the 2009 greenhouse experiment. 

 
 

Treatment 

 
Leaf area  

(100 cm
2
/plant) 

Dry weight 
(g/plant) 

Root Stem Petiole Blade 
Total  

aboveground 

28 DAT (anthesis) 

FL/BE 27.2 ab 2.0 b 6.9 ab 4.9 ab 14.8 ab 26.8 ab 

FL/MA 32.2 ab 1.8 b 6.1 ab 5.6 ab 17.0 ab 28.8 ab 

FL/MU 26.91 ab 1.8 b 7.0 ab 5.6 ab 15.1 ab 27.8 ab 

FL/RS 32.65 a 2.1 b 6.8 ab 5.4 ab 17.0 ab 29.2 ab 

FL/FL 22.10 b 1.8 b 4.7 b 3.6 b 12.0 b 20.4 b 

FL 35.06 a 3.6 a 8.5 a 6.7 a 20.4 a 35.7 a 

               63 DAT (First fruit harvest) 

FL/BE 199.86 a 8.6 a 41.0 a 35.0 ab 78.7 ab 305.2 b 

FL/MA 217.44 a 8.3 a 44.9 a 40.2 a 87.1 a 352.8 a 

FL/MU 216.21 a 8.7 a 42.4 a 41.7 a 85.9 a 341.7 a 

FL/RS 205.58 a 9.1 a 44.8 a 38.5 a 84.9 a  323.5 ab 

FL/FL 148.40 b 6.1 b 35.0 a 27.7 b 62.8 c 255.2 c 

FL 153.27 b 8.1 ab 43.5 a 30.9 b 65.7 bc 302.3 b 

                 120 DAT (Final fruit harvest) 

FL/BE 91.23 ab 19.4 a 81.5 abc 45.4 ab 59.6 ab 186.6 ab 

FL/MA 126.89 a 16.2 a 102.6 a 58.5 a 79.8 a 241.0 a 

FL/MU 74.85 bc 15.9 a 87.0 ab 42.1 ab 55.3 bc 184.4 ab 

FL/RS 55.51 bc 15.9 a 60.7 bc 36.0 b 37.4 bc 134.2 bc 

FL/FL 42.09 c 7.2 b 54.4 c 33.2 b 33.0 c 120.7 c 

FL 66.66 bc 16.8 a 78.5 abc 40.9 ab 48.2 bc 167.6 bc 

Means within a column followed by the same letter are not significantly different at P ≤ 
0.05 using Fisher’s LSD test..
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Table 3-4.  Nutrient concentrations in tissues from non-grafted ‘Florida 47’ (FL) tomato plants, self-grafted ‘Florida 47’ 
(FL/FL) plants, and grafted plants with ‘Florida 47’ scions on either ‘Beaufort’ (BE/FL), ‘Maxifort’ (MA/FL), 
‘Multifort’ (MU/FL), or ‘RST-04-105’ (RS/FL) rootstocks. Analyses are from 28 DAT in the greenhouse 
experiment from January to June 2009. 

 
 
 
 

Blade  Petiole  Stem 

  N P K Ca          N    P     K       Ca  N P K Ca 

Treatment (g kg
-1

 DW) 

FL/BE 59.4 ab 8.17 b 36.09 a 28.09 b  33.00 a 7.79 c 70.25 ab 17.08 ab  32.05 ab 8.42 b 57.90 a 11.89 a 

FL/MA 60.7 a 8.45 b 30.21 b 32.01 a  33.00 a 7.87 c 70.07 ab 18.01  a  30.22 b 8.63 b 62.82 a 12.40 a 

FL/MU 60.5 ab 8.49 b 34.59 a 31.23 a  33.30 a 8.43 bc 69.90 ab 18.48 a  34.05 a 9.08 ab 55.40 a 12.35 a 

FL/RS 58.05 ab 8.71 b 34.68 a 27.63 b  31.75 a 8.65 ab 72.02 a 17.12 ab  32.05 ab 8.95 ab 62.20 a 11.84 a 

FL/FL 56.58 ab 8.51 b 27.50 b 29.53 ab  34.60 a 8.21 bc 62.86 c 15.86 b  32.95 ab 8.70 b 56.83 a 10.94 a 

FL 56.22 b 9.60 a 29.15 b 27.66 b  31.60 a 9.19 a 64.25 bc 15.32 b  29.58 b 10.22 a 58.70 a 11.86 a 

Means within a column followed by the same letter are not significantly different at P≤0.05 using Fisher’s LSD test. 
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Table 3-5.  Nutrient concentrations in tissue from non-grafted ‘Florida 47’ (FL) tomato plants, self-grafted ‘Florida 47’ 
(FL/FL) plants, and grafted ‘Florida 47’ scions on either of rootstocks ‘Beaufort’ (BE/FL), ‘Maxifort’ (MA/FL), 
‘Multifort’ (MU/FL), or ‘RST-04-105’ (RS/FL). Analyses are 63 DAT in the greenhouse experiment from January 
to June 2009. 

 

 

 

Treatment 

Blade  Petiole  Stem  Fruit 

N P K Ca  N P K Ca  N P K Ca  N P K Ca 

(g kg
-1

 DW) 

FL/BE 52.2 a 7.3 b 28.2 ab 41.4 b  20.4 ab 7.6 c 46.4 ab 21.3 ab  20.4 bc 8.8 bc 34.4 a 12.8 ab  29.6 a 6.1 a 38.7 a 1.3 ab 

FL/MA  46.9 bcd 7.6 b 30.1 a 45.8 ab  21.3 ab 7.7 c 45.9 ab 23.3 ab  20.8 bc 8.9 bc 34.4 a 13.5 ab  24.8 bc 5.6 a 34.3 b 1.3 ab 

FL/MU 46.8 cd 7.1 b 26.0 ab 48.1 a  19.3 ab 7.8 c 44.6 ab 23.6 a  19.4 c 8.3 c 32.8 a 13.7 a  26.1 bc 5.8 a 37.2 ab 1.3 ab 

FL/RS 50.5 abc 9.1 a 29.4 a 41.1 bc  20.7 ab 9.5 b 51.2 a 20.8 b  22.5 b 9.8 ab 33.6 a 12.1 bc  24.1 c 6.2 a 35.4 b 1.5 4a 

FL/FL 50.6 ab 9.9 a 29.0 ab 35.8 c  22.0 a 10.7 a 51.3 a 17.1 c  26.2 a 11.1 a 32.5 a 10.8 cd  24.8 bc 5.9 a 35.5 b 1.1 b 

FL 43.9 d 9.4 a 24.1 b 40.8 bc  17.30 b 9.4 b 40.1 b 16.6 c  21.5 bc 8.7 bc 25.7 b 10.3 d  26.9 ab 5.8 a 34.9 b 1.0 b 

Means within a column followed by the same letter are not significantly different at P≤0.05 using Fisher’s LSD test. 
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Table 3-6.  Nutrient accumulated in tissues from non-grafted ‘Florida 47’ (FL) tomato plants, self-grafted ‘Florida 47’ 
(FL/FL) plants, and grafted ‘Florida 47’ scions on either of rootstocks ‘Beaufort’ (BE/FL), ‘Maxifort’ (MA/FL), 
‘Multifort’ (MU/FL), or ‘RST-04-105’ (RS/FL). Analyses are from 28 DAT in the greenhouse experiment from 
January to June 2009. 

 
 
 
Treatment 

Leaves (g/plant)  Stem (g/plant) 

N P K Ca  N P K Ca 

 

FL/BE 
1.05 ab 0.15 b 0.88 a 0.51 a 

 
0.23 ab 0.05 b 0.40 ab 0.08 ab 

FL/MA 
1.22 ab 0.18 ab 0.91 a 0.64 a 

 
0.18 b 0.05 b 0.38 ab 0.07 ab 

FL/MU 
1.10 ab 0.17 b 0.91 a 0.56 a 

 
0.23 ab 0.06 ab 0.39 ab 0.08 ab 

FL/RS 
1.17 ab 0.19 ab 0.98 2a 0.56 a 

 
0.23 ab 0.06 b 0.42 ab 0.08 ab 

FL/FL 
0.82 b 0.15 b 0.66 a 0.47 a 

 
0.18 b 0.04 b 0.30 b 0.06 b 

FL 
1.35 a 0.25 a 1.02 a 0.67 a 

 
0.28 a 0.09 a 0.51 a 0.10 a 

Means within a column followed by the same letter are not significantly different at P≤0.05 using Fisher’s LSD test. 
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Table 3-7.  Nutrient accumulated in tissues from non-grafted ‘Florida 47’ (FL) tomato plants, self-grafted ‘Florida 47’ 
(FL/FL) plants, and grafted ‘Florida 47’ scions on either of rootstocks ‘Beaufort’ (BE/FL), ‘Maxifort’ (MA/FL), 
‘Multifort’ (MU/FL), or ‘RST-04-105’ (RS/FL). Analyses are from 63 DAT in the greenhouse experiment from 
January to June 2009. 

 
 
 
Treatment 

Leaves (g/plant)  Stem (g/plant)  Fruit (g/plant) 

N P K Ca  N P K Ca  N P K Ca 

 

FL/BE 
4.83 a 0.84 b 3.84 ab 3.98 b 

 
0.84 a 0.36 a 1.43 ab 0.53 ab 

 
4.22 a 0.85 ab 5.46 ab 0.19 ab 

FL/MA 
4.79 ab 0.98 ab 4.45 a 4.86 a 

 
0.94 a 0.40 a 1.56 a 0.60 a 

 
4.29 a 0.96 a 5.92 ab 0.23 a 

FL/MU 
4.84 a 0.94 b 4.08 a 5.09 a 

 
0.81 a 0.34 a 1.36 ab 0.58 a 

 
4.25 a 0.94 a 6.05 a 0.22 a 

FL/RS 
5.09 a 1.14 a 4.43 a 4.29 b 

 
1.01 a 0.44 a 1.50 ab 0.54 a 

 
3.51 ab 0.90 ab 5.16 bc 0.22 a 

FL/FL 
3.82 bc 0.91 b 3.27 bc 2.70 d 

 
0.92 a 0.37 b 1.11 b 0.37 b 

 
3.07 b 0.73 b 4.33 c 0.13 c 

FL 
3.42 c 0.90 b 2.82 c 3.18 c 

 
0.84 a 0.39 a 1.08 b 0.15 ab 

 
4.15 a 0.88 ab 5.36 ab 0.15 bc 

Means within a column followed by the same letter are not significantly different at P≤0.05 using Fisher’s LSD test. 
 



 

 84 

Table 3-8.  Quality attributes of fruit from non-grafted ‘Florida 47’ (FL) tomato plants, 
self-grafted ‘Florida 47’ (FL/FL) plants, and grafted plant with ‘Florida 47’ 
scions on rootstocks of either ‘Beaufort’ (BE/FL), ‘Maxifort’ (MA/FL), ‘Multifort’ 
(MU/FL), or ‘RST-04-105’ (RS/FL), as measured during early and mid fruit 
harvests in the 2009 greenhouse experiment. 

 
Treatment 

 
pH 

TTA
a
 

(% citric acid) 
SSC

b
 

(
o
Brix) 

Ascorbic 
Acid 

(mg/100g 
FW) 

Lycopene 
(ug/g FW) 

β-carotene 
(ug/g FW) 

Hydrophilic 
phenolics 

(mg GAE
c
/100 g 

FW) 

Lipophilic 
phenolics 

(mg GAE/100 g 
FW) 

 (Early harvest) 

FL/BE 4.45 a      0.49 a 4.3 a      16.5 a 33.9 a     9.1 ab             10.8 a            3.8 a 

FL/MA 4.44 a      0.47 a 4.5 a      16.4 a 31.9 a     8.3 ab             12.4 a            4.5 a 

FL/MU 4.43 a      0.49 a 4.6 a      15.5 a 35.1 a     9.1 ab             11.2 a            3.9 a 

FL/RS 4.44 a      0.49 a 4.3 a           15.3 a 33.9 a     9.1 ab             11.9 a            4.2 a 

FL/FL 4.43 a      0.46 a 4.4 a      16.8 a 29.8 a     7.9 b             10.8 a            4.2 a 

FL 4.41 a      0.46 a 4.6 a      15.7 a 37.4 a     9.7 a             12.2 a            3.9 a 

 (Mid harvest)  

FL/BE 4.43 a      0.42 2b 5.5 a   24.2 abc 42.5 a     9.4 a             17.1 a            6.2 bc 

FL/MA 4.42 a      0.42 b 5.3 a    19.9 bc 38.9 a     8.1 a             13.1 b            4.9 d 

FL/MU 4.30 a      0.50 ab 5.3 a    16.6 c 43.4 a     9.6 a             16.1 ab            7.2 a 

FL/RS 4.34 a      0.46 ab 5.4 a    22.7 bc 36.7 a     7.9 a             18.1 a            6.3 abc 

FL/FL 4.40 a      0.46 ab 5.6 a    30.7 a 39.6 a     8.2 a             17.3 a            6.4 ab 

FL 4.39 a      0.57 a 5.7 a    27.3 ab 37.3 a     8.2 a             17.9 a            5.5 cd 

aTTA: Total titratable acidity. 
bSSC: Soluble solids content.   
cGAE: Gallic acid equivalents. 
Means within a column followed by the same letter are not significantly different at 
P≤0.05 using Fisher’s LSD test. 
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CHAPTER 4 
ROOTSTOCK EFFECTS ON NITROGEN ASSIMILATION AND ENDOGENOUS 

HORMONE STATUS IN TOMATO PLANTS UNDER GREENHOUSE CONDITIONS 

Introduction 

A number of rootstocks have been developed to improve production efficiency of 

solanaceous and cucurbitaceous vegetable crops, including melon, watermelon, 

cucumber, tomato, eggplant, and cucumber. These rootstocks are known to confer 

resistance or tolerance to many soil-borne diseases and enhance plant tolerance to 

environmental stresses. Moreover, some of the vigorous rootstocks have been shown to 

increase growth vigor and consequently improving fruit yields (Davis et al., 2008b; King 

et al., 2010; Lee, 1994; Lee et al., 2010). 

With respect to plant nutrition, grafting with vigorous rootstocks has been shown to 

alter positively the nutritional status of the grafted plant. For example, absorption and 

translocation of phosphorus, nitrogen, magnesium, iron, and calcium are reported to 

show an increase in grafted plants as compared to the non-grafted plants (Davis et al., 

2008b; Lee, 1994). This enhancement in nutrient status of grafted plants has often been 

attributed to the difference in root morphology or architecture. Root characteristics 

which are suggested to play an active role in nutrient and water uptake include root 

length and density, number of root hair and their length, and root surface area 

(Martínez-Ballesta et al., 2010). 

Among the plant essential nutrients, nitrogen (N) is required in the greatest 

amount and is among the most limiting factors to plant growth. The N status in plant is 

generally dependent on both soil N availability and plant N uptake and assimilation 

potential (Natali et al., 2009). Once taken up by plants either in the form of nitrate (NO3
-) 

or ammonium (NH4
+), the nitrogen assimilation pathway begins with the reduction of 
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nitrate into nitrite (NO2
-) and then in ammonium which is fixed into glutamine and 

glutamate ultimately serving as substrates for transamination reactions to generate 

other proteinaceous amino acids in most plants (Marschner, 1995; Tischner, 2000). The 

first step of this N reduction process, i.e., the conversion of nitrate to nitrite is catalyzed 

by the enzyme nitrate reductase (NR) and is also known to be the most limiting step of 

nitrate reduction and thus the NR activity level is often related to the N uptake capacity 

of the plant (Campbell, 1996; Glass et al., 2002). With the enhanced root system traits 

of the vigorous rootstock, it is expected that grafted plants may offer greater potential for 

nitrogen uptake and reduction as compared to non-grafted plants. Studies by Ruiz and 

Romero (1999) demonstrated that grafted melon had lower concentrations of nitrate, 

higher nitrate reductase activity (NRA), and lower contents of total free amino acids and 

soluble proteins in the leaf tissue as compared to the non-grafted control. Higher nitrate 

reductase and nitrite reductase activities were also found in leaves of grafted 

watermelon plants (Pulgar et al., 2000). Ruiz et al. (2006a) demonstrated that 

enhancement in nitrogen use efficiency traits in grafted tobacco as compared to non-

grafted plants was related to higher nitrate reductase activity and assimilation. These 

changes were suggested to contribute to differences in N utilization and assimilation 

between grafted and non-grafted plants.  

In addition to the improved nitrogen assimilation as a result of grafting with specific 

rootstocks, modified endogenous hormone status is also proposed as an underlying 

basis for the enhanced growth and yield of grafted plants (Davis et al., 2008b). Different 

growth hormones including auxin, cytokinins, and gibberellins are involved in regulating 

different aspects of plant growth and development. For example, cytokinins are a group 
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of hormones predominantly synthesized in the root tips and transported via the xylem to 

the shoots where they can exert a stimulatory or inhibitory function inherent to different 

developmental processes including root growth and branching, control of apical 

dominance in the shoot, chloroplast development, and leaf senescence (Dodd and 

Beveridge, 2006; Hirose et al., 2008). Another hormone of great importance in plant 

growth and development is auxin which is mostly synthesized in the young shoot organs 

and moves downward to impact fundamental aspects of plant development, such as 

vascular differentiation and root apical dominance (Aloni et al., 2006). Particularly with 

fruit trees, the relative concentrations of these two growth hormones, i.e., 

auxin:cytokinin ratios, have been shown as one of the key physiological mechanisms for 

dwarfing or other scion architecture of the grafted fruit trees modified by vigorous 

rootstocks. For example, dwarfing rootstocks could control the apple scion vigor by 

reducing the downward transport of indole-3-acetic acid (IAA) from scion to root which 

results in a decrease in root growth and/or cytokinin biosynthesis and therefore reducing 

the level of root-produced cytokinins supplied to the scion in the xylem vasculature 

(Lockard and Schneider, 1981). It is likely that similar changes in hormonal balance 

including auxin and cytokinins may also exist and affect the rootstock-scion interaction 

in the grafted vegetable plants including tomato. Current literature on these 

physiological processes is mostly related to Cucurbitaceae species, while there is a lack 

of information on the physiological changes in relation to the rootstock effects on 

improving growth and yields of grafted tomato plants. 

The objectives of this study were to determine whether or not the vigorous 

interspecific tomato hybrid rootstocks affect the nitrate assimilation and plant growth 
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hormone status in the root and leaf tissues of grafted tomato plants, and how these 

physiological modifications are correlated with the growth parameters, especially plant 

biomass and fruit yield. 

Materials and Methods 

Plant Material, Growth Conditions, and Experimental Design 

This experiment was carried out in 2010 in a greenhouse located on campus at 

the University of Florida, Gainesville, FL. An determinate tomato cultivar Florida 47 

(Seminis Vegetable Seeds, Inc., Saint Louis, MO) was grafted onto two commercially 

available interspecific tomato hybrid rootstocks ‘Beaufort’ and ‘Multifort’ (De Ruiter 

Seeds Inc., Lakewood, CO, USA) to form two different graft treatments, i.e., FL/BE and 

FL/MU. Self-grafted ‘Florida- 7’ (FL/FL) and non-grafted ‘Florida 47’ (FL) were used as 

controls. The “cleft grafting” method described in Lee (1994) was used. Seeds of the 

rootstocks were sown 2 days before the ‘Florida 47’scion to ensure uniformity in 

hypocotyl diameter of the scion and rootstock plants during the grafting process. 

After healing and acclimatization processes, survived grafted plants from the two 

rootstock-scion combinations and the self-grafted and non-grafted ‘Florida- 7’ plants 

were transplanted on 15 Jan. 2010 into 11.4 L black plastic pots filled with Fafard 

growing mix 2 (Conrad Fafard, Inc., Agawam, MA). During the growing cycle, plants 

were provided with sufficient water and nutrients using a controlled fertigation system 

(see Chapter 3). A randomized complete block design was used with 4 replications and 

5 plants in each treatment per replication. 

Gas Exchange Measurements 

Net photosynthetic rates, stomatal conductance, concentration of intercellular CO2 

and transpiration rate were measured on two separate fully expanded uppermost leaves 
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of two intact plants in each treatment per replication at anthesis (42 days after 

transplanting (DAT)) and first harvest (72 DAT), using a LI-6400XT portable, open-flow 

photosynthesis system (LI-COR Inc., Lincoln, NE). Measurements were made between 

10:00 am and 12:00 pm under clear sky conditions at 1800 μmol m-2 s-1 photosynthetic 

photon flux density using the 6400-02 light-emitting diode (LED) light source (LI-COR). 

The sample chamber CO2 concentration was maintained at 400 μmol CO2 mol-1 air, 

and the flow rate of air through the sample chamber was set at 500 μmol s-1. 

Temperature was maintained at 30 ± 1°C and relative humidity was maintained between 

60 and 70%, similar to environmental conditions inside the greenhouse. Each leaf was 

equilibrated in the leaf chamber for at least 1 min before a measurement was taken. 

Determination of In Vivo Nitrate Reductase Activity (NRA) 

NRA was measured in both leaf and root tissues at three different growth stages, 

i.e., 42, 72, and 114 DAT, on two randomly selected plants per treatment and replicate. 

The uppermost fully expanded leaves and root tips from each selected plant were 

sampled for the measurement. Because NRA is reported to exhibit diurnal fluctuations 

(Aslam and Rl Rains, 2001), leaf tissue material was collected between 10:00 and 11:00 

am on a sunny day. At each sampling day, leaf discs (5 mm diameter) from the middle 

part weighing about 150 mg fresh weight (FW) were harvested on the selected leaves 

per plant for the assay. NRA was assayed using the modified in vivo method by 

Jaworskyi (1971). Briefly, leaf discs and root tips segments collected were kept in ice 

and then transported to the laboratory where they were placed in 10 ml tubes. Then, 2 

ml of the assay solution containing 2% (v/v) of 1-propanol, 50% (v/v) of 200 mM 

KH2PO4 (pH 7.5), 20% (v/v) of 150 mM KNO3, and 28% (v/v) of deionized water were 

added to each tube. The tubes were then vacuum-infiltrated for 5 min with the vacuum 
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released at every 2.5 min. Then, tubes were immediately incubated in a shaking water 

bath at 31ºC in darkness for 1 hour. Thereafter, solutions were filtered into new tubes 

using the filter paper. A triplicate 1 ml of aliquots from each sample was removed from 

the filtered assay solution for the determination of NO2
-. Nitrite concentrations were 

determined by adding 1 ml of 1% sulfanilamide solution in 1.5N HCl followed by 0.02% 

N-(1naphthyl)-ethylenediamine dihydrochloride (NED) in 0.2N HCl. After addition of 

sulfanilamide and NED, samples were incubated at room temperature for 30 min. 

Absorbance was then measured spectrophotometrically at 540 nm with a Shimadzu UV 

160 (Shimadzu Corp., Kyoto, Japan) and NRA was reported as μM NO2
- produced per 

hour per gram of fresh weight of tissue material [μM NO2
- (g FW)-1 h-1]. 

Nitrate and Organic N Determination 

At each sampling date, leaf and root samples per treatment were collected and 

dried in a force air oven at 60 oC for 48 hours. The dried samples were used for the 

determination of nitrate by specific ion electrode and total N by combustion. Organic N 

was then calculated as a difference between total N and nitrate. 

Soluble Protein Measurement 

At each sampling, fresh samples of 200 mg leaf discs and root tips were weighed 

and put in labeled eppendorf tubes and immediately frozen in liquid nitrogen and stored 

at -80 oC. During the analysis, samples were crushed and ground into powder, dipping 

in liquid nitrogen every few seconds to avoid the tissues to defrost. Then, each sample 

was re-suspended in the buffer solution while continued to be ground until solution is 

well homogenized. The buffer solution was made of 40 mM Tris-HCl, pH 7.6 and 1 mM 

DTT, and protease inhibitor cocktail. Samples were then votexed and centrifuged at 

12000 rpm for 10 min at 4 oC. Supernatant of each sample was used to determine the 
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concentration of soluble protein using the Bradford G-250 reagent (Bradford, 1976) by 

measuring the absorbance spectrophotometrically at 540 nm with a Shimadzu UV 160 

(Shimadzu Corp., Kyoto, Japan). Bovine serum albumin (BSA) was used as standard 

for calculating the soluble protein concentration. 

Determination of Amino Acid Composition and Quantification of Phytohormones 

Along with the samplings for soluble proteins, 200 mg of leaf discs and root tips 

were separately sampled and immediately frozen in liquid nitrogen and stored at -80 °C 

for the determination of amino acids and plant hormones. During the analysis, 200 µL of 

90% methanol were added to each frozen sample and were finely ground using 

GenoGrinder (BT&C Inc., Lebanon, NJ). Samples were then vortexed, and centrifuged 

at 4°C 12,000 rpm for 10 min. The resulting supernatant was transferred into a new 

glass tube. This step was repeated by adding more 90% methanol and centrifuge until a 

volume of 1 mL supernatant was collected out of each sample. Afterwards, 0.5 mL of 

chloroform and 0.6 mL of water were added to the supernatant and mix briefly. Samples 

were allowed for phase-separation in cold room for about 14 hours and the upper 

aqueous phase was then removed into new tube and allowed to dryness in a speed 

vac. Each sample was again redissolved by adding 30 µL of the loading buffer and 

shaking for 20 min with Thermomixer. Then samples were centrifuged at 4°C, 12,000 

rpm for 15 min. The new supernatant was used for measuring free amino acids and 

plant growth hormones using the reverse-phase high performance liquid 

chromatography (HPLC) and tandem mass spectrometry. 

Analysis of Aboveground Plant Biomass, Yield, and Root Characteristics  

Plant growth was destructively evaluated on one plant from each treatment per 

replication at 72 DAT. Each sampled plant was separated into leaf blade, petiole, stem, 
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fruit, and root. Leaf area was measured with a LI-COR 3100 leaf area meter (LI-COR 

Inc., Lincoln, NE). Root characteristics including total root length, average root diameter, 

and root surface area were evaluated on each plant using a root scanning apparatus 

(EPSON color image scanner LA1600+, Toronto, Canada), coupled with the image 

analysis software WinRhizo 2008a (Regent Instruments, Quebec, Canada). Then, dry 

weights of different plant parts (leaf blade, petiole, stem, fruit, and root) were 

determined by drying the samples at 60 oC in a forced-air oven for 72 h, while fruit 

samples were dried for 120 h. Specific leaf area (SLA, m2 leaf g-1 leaf) were then 

calculated from the measured leaf area and leaf mass for each sampled plant. 

Yield and yield components were evaluated by harvesting fruit at the breaker 

ripeness stage or later on 4 plants per treatment and replication starting 72 through 112 

DAT. Total and marketable yields, marketable fruit number per plant and average fruit 

weight were determined and average fruit weight calculated. 

Statistical Analyses 

Analysis of variance of the measurements was performed using the Generalized 

Linear Mixed Model program of SAS statistical software (version 9.2, Cary, NC). 

Fisher’s LSD test was used for multiple comparisons among treatments. Pearson 

correlation coefficients were used to evaluate relationships among growth parameters 

(biomass and yield) and physiological traits evaluated (NRA, nitrate, amino acids, etc.) 

measured. The SAS procedure DISCRIM was first used to assess the homogeneity of 

covariance matrices of the standardized variables for the two groups of plants: grafted 

plants (FL/BE and FL/MU) and non-grafted and self-grafted control plants (FL and 

FL/FL). Because Box’s M test for homogeneity of covariance matrices of the two groups 
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was not significant, the two treatment groups were pooled together for the overall 

correlation analysis. 

Results 

Plant Biomass, Yield and Yield components, and Root Characteristics  

Analysis of the aboveground plant biomass measured at 72 DAT (first harvest) 

showed that the two rootstocks significantly affected the plant growth as compared to 

the non-grafted plants. On average, the two grafted treatments had a significantly higher 

level of aboveground biomass (leaf blade, petiole, stem, and fruit) by approximately 

39% relative to that of the non-grafted plants (Table 4-1). Self-grafting did not show a 

significant impact on plant growth as compared to the non-grafted treatment; however, 

the aboveground biomass did not differ significantly between the self-grafted plants and 

plants grafted onto ‘Beaufort’. The two interspecific rootstocks ‘Beaufort’ and ‘Multifort’ 

significantly enhanced the total and marketable fruit yields of the tomato scion ‘Florida 

47’ while there is no significant difference between the non- and self-grafted treatments 

(Table 4-1). Specifically, ‘Multifort’ resulted in an increase of 57 and 61% of the total and 

marketable yields, respectively, in comparison with the averaged yields of non-grafted 

and the self-grafted ‘Florida 47’. The increase in fruit yield is attributed to significantly 

higher number of fruit in grafted plants as compared to non- and self-grafted plants. 

The positive influence of the two rootstocks was also demonstrated on the root 

traits evaluated with significantly greater values of total root length, average root 

diameter, and root volume in grafted plants as compared to non- and self-grafted plants. 

For instance, as compared to the control plants, total root length values of grafted plant 

showed a significant increase by 57 and 69% with ‘Beaufort’ and ‘Multifort’, respectively 

(Table 4-2). For the root surface area, it was significantly higher in FL/MU than FL/FL 
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and FL, while FL/BE did not differ significantly from FL. Moreover, considerable 

differences were observed among the treatments in terms of the patterns of allocation of 

root length, surface area, and volume per unit root mass. Compared to the non-grafted 

and self-grafted plants, plants grafted on ‘Beaufort’ and ‘Multifort’ had about 61 and 73% 

greater root length per unit root dry mass (SRL), respectively, as well as 23 and 26% 

higher root surface area per unit root dry mass (SRSA). In contrast, the grafted plants 

showed significantly lower ratios of root dry mass to root volume (M:V), indicating 

decreased root tissue density, as compared to the non-grafted and self-grafted plants. 

As for the ratio of root length to root volume, it was significantly lower in FL/MU and 

FL/BE than FL/FL, while it did not differ significantly between the grafted plants with the 

two rootstocks and the non-grafted treatment.  

Leaf Gas Exchange and Photosynthetic Activities 

Gas exchange parameters evaluated on single leaf showed few differences 

among the treatments as a result of the use of interspecific rootstocks (Table 4-3). The 

mean net CO2 assimilation rate (Pn) was in the range of 26-30 µmol CO2 m
-2 s-1 

although the self-grafted plants showed the highest values (Table 4-3). Stomatal 

conductance (Gs) and the transpiration rate (Tr) showed a significant increase in plants 

grafted onto ‘Multifort’ and self-grafted ‘Florida 47’ as compared to the non-grafted 

plants. However, this change in the transpiration rate did not translate into any 

significant difference in the instantaneous water use efficiency (iWUE) among the 

treatments. Values of the iWUE were in the range of 3.86-4.14 µmol CO2 mmol-1 HO2 

independent of the treatments. In contrast, the specific leaf area (SLA) evaluated on a 

whole plant basis demonstrated significantly greater values in plant grafted onto 

‘Beaufort’ or ‘Multifort’ as compared to the self- and non-grafted plants. On average, 
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compared with the control plants, plants grafted on ‘Beaufort’ and ‘Multifort’ exhibited an 

increase in SLA of 44 and 53%, respectively. This enhancement in SLA in grafted plants 

is indicative of possible increase in photosynthetic activity evaluated on the whole 

canopy basis and could lead to greater assimilate production in grafted plants as 

compared to non-grafted control plants. 

Nitrate Reductase (NR) Activity and Nitrate Concentrations in the Plant Tissues 

In vivo NR activity values in the leaf tissues were much higher than those in the 

root (Figure 4-1), indicating that most N reduction processes took place in the leaf 

tissues in contrast to the root tissues. However, no clear trend in NR activity was 

observed as a result of grafting over the growth cycle. At 42 DAT, the NR activity in the 

leaf tissues of plant grafted on ‘Beaufort’ show higher level of the enzyme activity as 

compared to the non- and self-grafted plants but the difference was not statistically 

significant at P ≤ 0.05. In contrast, plants grafted on the rootstock ‘Multifort’ showed the 

lowest value of the enzyme activity at the same growth stage. Furthermore, except for 

the plants grafted on ‘Beaufort’, a slight increase in the levels of NR activity was 

observed at 72 DAT (first harvest) as compared to the levels recorded in the vegetative 

stage (42 DAT) in the leaves. This increase was in the range of 8 to 30% across the 

treatments. At 72 DAT, the non-grafted plants showed significantly a higher level of NR 

activity than the plants grafted on the rootstock ‘Beaufort’ while the leaf NR activity in 

non-grafted plants did not differ significantly from that of plants grafted on ‘Multifort’. At 

final harvest (114 DAT), similar levels of leaf NR activity were observed among different 

treatments. Regardless of the growth stages, similar levels of the root NR activity were 

observed in the grafted and non-grafted plants. Across all growth stages, the root NR 
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activity was about 0.31 [µmole of NO2
- (g of FW)-1 h-1] on average; about 13% of the 

levels exhibited in the leaf tissues. 

Similar to the levels of NR activity, nitrate concentrations were also much higher in 

the leaves as compared to the levels in the roots irrespective of grafting and growth 

stages (Figure 4-2). The concentrations of nitrates in the leaf and root tissues 

decreased over time, while few differences were found between grafted and non-grafted 

treatments. At 72 DAT, the leaf nitrate level was significantly lower in the plants grafted 

onto ‘Multifort’ compared with the non-grafted ‘Florida 47’.  

Concentrations of Organic Nitrogen, Amino Acids, and Soluble Proteins 

Changes in the amount of reduced nitrogenous compounds did not show any clear 

effect of grafting with interspecific rootstocks. Significant difference in the leaf organic N 

levels was observed only between plants grafted onto ‘Multifort’ and non-grafted plant at 

72 DAT, with the highest levels of organic N in grafted vs. non-grafted plants (Table 4-

4). At each growth stage, the levels of organic N in the root tissue were lower than in the 

leaves. 

With respect to the levels of free amino acids and soluble proteins in the leaves 

and roots, they were generally similar between grafted and non-grafted plants. 

However, at 114 DAT grafted plants with ‘Beaufort’ showed significantly higher levels of 

free amino acids in the leaves as compared to all other treatments. At 42 DAT, the 

soluble protein content in the roots was significantly lower in plants grafted onto 

‘Beaufort’ than the non-grafted treatment. There was a decreasing trend in the levels of 

amino acids and soluble proteins over time.  
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Auxin, Cytokinin, and Gibberellic Acid Levels in Leaf and Root Tissues 

Analysis of the different hormones quantified in the leaf and root tissues revealed 

that the hormone levels were generally greater in the leaf tissues than in the root. Some 

differences between grafted and non-grafted plants were observed depending on the 

growth stage and the type of hormone (Table 4-5). At 42 DAT, total auxin content in the 

leaf tissues in the plants grafted onto ‘Beaufort’ was significantly higher than other 

treatments.  The level of cytokinin in the leaves was also significantly higher in grafted 

plant with ‘Beaufort’ than the non-grafted plants. At 72 DAT, plants grafted onto 

‘Multifort’ showed a significant increase in concentrations of cytokinins and gibberelic 

acid as compared to other treatments. The auxin to cytokinin ratio at 72 DAT was 

significantly higher in plants grafted onto ‘Beaufort’ as compared with the non-grafted 

plants and plants grafted onto ‘Multifort’. 

Some significant changes in hormone levels in the root were observed with auxin 

and gibberelic acid. At 42 DAT, the grafted plants with ‘Multifort’ showed significantly 

lower content of auxin as compared to non-grafted and self-grafted plants. At 72 DAT, a 

significant increase in the level of gibberelic acid was found with plants grafted onto 

‘Multifort’ in contrast to the non- and self-grafted plants.  

In term of the relative content of individual types of cytokinins identified across the 

two sampling dates, there was a slight variation in the presence of hormones between 

the grafted and non-grafted plants (data not shown). In the order of most to least 

abundant, different types of cytokinins identified within the leaf tissues of plant grafted 

onto either ‘Beaufort’ or ‘Multifort’ included N6-isopentenyladenosine (N6-ISO1), trans-

zeatin (ZTN), kinetin (KIN) and zeatin ribulose (ZR), while in the control (non-and self-

grafted) plants, the order is as follows: KIN, N6-ISO1, ZTN, and ZR. In contrast, relative 
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contents of individual types of auxins appeared to be similar between grafted and non-

grafted plants, with the most abundant to least abundant order as follows: indole-3-

acetate (IAA), methyl indole-3-acetate (meIAA), indole-3-butyric acid (IBA), and indole-

3-carboxy acid (ICA). 

Relationship between Plant Growth Performance and Physiological Processes 

Using pooled data of all the treatments, Pearson correlation analysis of the growth 

and physiological parameters evaluated in this study demonstrated considerable 

differences in terms of the type and significance of the relationships among different 

measurements (Table 4-6). Fruit yield and shoot biomass showed significantly positive 

correlations with the specific root length (r = 0.68 and r = 0.59) respectively. Although 

not statistically significant, positive relationships were also observed between these two 

growth parameters and the organic N. In contrast, negative correlations were observed 

between yield and biomass with nitrate reductase activity and nitrate concentrations in 

the leaves. Levels of the endogenous growth hormones in the leaves appeared to 

positively correlate with the fruit yield and biomass. A significant correlation between 

fruit yield and gibberelic acid was detected, while aboveground biomass significantly 

correlated with the level of cytokinins in the leaves.  

Discussion 

Grafting with specific rootstocks is often shown to induce enhancement in plant 

growth and fruit yield of the vegetable scion. Our study with the tomato variety Florida-

47 showed that plants grafted onto two interspecific tomato hybrid rootstocks ‘Beaufort’ 

and ‘Multifort’ had a significant increase in the aboveground biomass and marketable 

yield compared to the non-grafted ‘Florida 47’ along with improved root characteristics 

relevant to water and nutrient uptake such as specific root length (SRL). As evidenced 
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in studies on citrus trees (Eissenstat, 1991), rootstocks with high SRL and a greater root 

length density were able to extract water more rapidly and also take up inorganic 

nutrients including nitrate more efficiently, in contrast to those with low SRL. Therefore 

with these root traits of the rootstocks in grafted tomato plants, an increase is expected 

in NO3
- absorption, upward transport, and accumulation in the scion, thereby stimulating 

the nitrate reductase (NR) activity and therefore NO3
- assimilation. NR is an inducible 

enzyme whose activity is mostly induced by the level of nitrate concentrations in the 

medium and is thought to control the most limiting step in N assimilation (Stitt, 1999; 

Tischner, 2000). This is in line with results by Ruiz and Romero (1999) and Ruiz et al. 

(2006a), who observed that the use of certain rootstocks in melon and tobacco plants 

increased foliar NO3
- reduction as compared to the non-grafted plants. In our study, 

however, no clear influence of the specific rootstocks on the nitrogen assimilation was 

noticed throughout the growth cycle. This contrasting trend was in part in agreement 

with results obtained by Colla et al. (2010) on melon which showed that at high nitrate 

conditions, there was no significant difference among grafted and non-grafted 

treatments for NR activity, whereas under low nitrate concentrations, all grafted plants 

had higher activities of NR. This result could suggest that the positive influence of 

specific rootstocks on the physiological processes such as nitrogen assimilation is more 

pronounced when plants are grown under less than optimum environmental conditions.  

Given that sufficient supply of N was provided equally to the plants in our study, it 

is possible that the activity of NR may not differ greatly between grafted and non-grafted 

plants.. This is reflected in the values of nitrate concentrations observed in this study 

which showed no consistent effect of rootstocks on leaf nitrate concentrations as 
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compared with the non-grafted and self-grafted plants. A negative correlation is often 

described between the levels of NR activity and the nitrate concentrations in the leaves, 

with plants characterized by higher rates of NO3
- reduction showing higher demand for 

NO3
-and increased uptake from the medium. Our results showed a Pearson correlation 

coefficient of -0.01 between the nitrate concentrations and the level of NR activity; this 

may also account for the insignificant difference observed in nitrate concentrations and 

NR activities between the treatments.  

Levels of the leaf NR activity determine the levels of reduced N (organic N) 

available in the plant for growth and development, with high levels of NR activity 

resulting in increased level of reduced N. Previous studies have shown that the grafted 

plants presented higher total organic N concentrations as a result of enhanced NR 

activity (Pulgar et al., 2000; Ruiz and Romero, 1999). In our study, the increased level 

of organic N of grafted plants as compared to the non-grafted plants was only observed 

at 72 DAT and only with the rootstock ‘Multifort’. Moreover, amino acids and soluble 

proteins are the main end-products of NO3
- assimilation (Barneix and Causin, 1996). 

High level of NR activity is shown to result in increased production and use in these 

nitrogenous compounds. In our study, few differences in concentrations of free amino 

acids and soluble proteins were observed between grafted and non-grafted plants 

although grafting with the rootstock ‘Beaufort’ increased their levels 114 DAT in 

comparison with grafted plants with ‘Multifort’ and non-grafted and self-grafted plants. 

Regardless of grafting, in this study, levels of NR activity and other nitrate 

assimilation processes in the roots were lower than those in the leaves. This concurs 

with previous studies reporting higher levels of NR activity in leaves for several crop 
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species as compared with the roots (Black et al., 2002; Johnsen et al., 1991) Sanchez 

et al., (2004). 

In addition to improved nitrogen assimilation, changes in endogenous plant growth 

hormone levels, especially auxin, cytokinins, and gibberellic acids have been suggested 

to contribute to enhanced growth and yield of grafted plants. The importance of these 

hormones in plant growth and development regulation in general has been extensively 

demonstrated in many previous works (Hirose et al., 2008); however, only few of them 

have studied the rootstock effects on the link between the horticultural benefits and 

hormonal status in grafted vegetables. Yamasaki et al. (1994) observed that the 

cytokinin concentration, mainly ribosylzeatin, in xylem exudates was significantly greater 

in watermelon grafted onto squash rootstocks as compared to the non-grafted 

watermelon plants. Similarly, Seong et al. (2003) have shown that cucumber plants 

grafted on pumpkin rootstocks had a 2.2 times higher trans-zeatin content in the root, 

and as a result, significantly higher dry matter than non-grafted cucumber. These results 

were in general attributed to differences in root architecture characterized by greater 

quantity of root tips in rootstocks as compared to that of non-grafted plants. Based on 

fruit trees, Kamjol et al. (1999) suggested that these changes in hormone levels as a 

result of grafting with specific rootstocks may result from differences in the capacity of 

the roots to upload cytokinins into the transpiration stream, and the amount of cytokinins 

synthesized by the roots or the number of roots synthesizing cytokinins. In the present 

study, we found that rootstocks resulted in somewhat contrasting effects on the levels of 

endogenous hormones evaluated at the two growth stages. Partially in line with 

previous results, our study showed that concentrations of cytokinins and gibberellic acid 
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in the leaves at 72 DAT were significantly greater in plants grafted onto ‘Multifort’ as 

compared to all other treatments, while 42 DAT the level of auxin in the leaves was 

significantly higher in the plants grafted onto ‘Beaufort’ than that of non-grafted and self-

grafted controls as well as plants grafted onto ‘Multifort’.  

The positive correlation coefficients between the growth parameters (yield and 

biomass) and the concentrations of auxin and cytokinins, although not always 

significant, seem to corroborate the importance of phytohormones, especially cytokinins 

and gibberellic acids in regulating plant growth and development. Further, our results 

show a slight variation in the types of cytokinins observed within the grafted vs. non-

grafted plants and over time, with N6-ISO1 of the highest level in the leaves of plants 

grafted onto either ‘Beaufort’ or ‘Multifort’, while KIN was of the highest content in non-

grafted and self-grafted plants. The genotypic variation in relative content of different 

cytokinins was also observed between two lines of cotton (an early senescing line and a 

late senescing line) evaluated by Dong et al. (2008). Using the late senescing line (K2) 

as rootstock improved the accumulation of zeatin and its riboside (Z+ZR) as well as 

isopentenyl and adenine (iP+iPA) in leaves, and thus delayed leaf senescence. In 

contrast, the early senescence line (K1) rootstock reduced the accumulation of these 

hormones in the leaves, and therefore accelerated the leaf senescence. Similarly, the 

differential composition of cytokinins was also reported on grafted apples with the 

dwarfing and vigorous rootstocks. Kamboj et al. (1999) observed that zeatin was the 

predominant cytokinin in xylem sap from the dwarfing rootstocks, ‘M.27’ and ‘M.9’, while 

zeatin riboside was the predominant cytokinin in xylem sap from the more invigorating 

rootstock ‘MM.106’. 
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Moreover, both auxin and cytokinin have been known for a long time to act either 

synergistically or antagonistically to regulate several important developmental 

processes in plants, such as the formation and maintenance of branching and root 

growth (Su et al., 2011). In a recent review on hormonal signaling in rootstock-scion 

interactions, Aloni et al. (2010) presented the ‘hormone message concept’ hypothesis 

whereby a feedback loop exists in which a decrease in basipetal flow of auxin from the 

shoot stimulates the synthesis and export of cytokinins from the root. The upward 

movement of cytokinin in the xylem sap induces an increase in the synthesis and 

translocation of auxin out of the shoot apex which in turn reduces cytokinin levels in the 

xylem sap. This concept involving the auxin to cytokinin ratio has been used as a key 

physiological mechanism to explain the dwarfing behavior of rootstocks of fruit trees. 

Most recently, van Hooijdonk et al. (2011) demonstrated a putative mechanism 

underlying the newly grafted ‘Royal gala’ apple trees with the dwarf rootstock ‘M9’: 

Auxin (IAA) transport is decreased in the shoot leading to an increase in cytokinin level 

in the root which results in a change in the flow of assimilate partitioning within the plant 

parts leading to increased proportion in the root at the expense of the shoot. In contrast, 

in more vigorous rootstock such as ‘M16’, the opposite trend was observed. Similar 

evidence was reported for grapevines with rootstocks classified as high vigor showing 

increased levels in sap cytokinins (Nikolaou et al., 2000). This hormone message 

concept can be possibly used to account for the difference in the growth between 

grafted and non-grafted vegetable plants. However, our results did not reveal a clear 

impact of the vigorous interspecific hybrid rootstocks on the auxin:cytokinin ratio in the 

leaf and root tissues. At 72 DAT, the ratio measured in plants grafted onto ‘Beaufort’ 
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was significantly higher than those in non-grafted plants and plants grafted onto 

‘Multifort’ while it did not differ significantly from that of self-grafted plants. Further 

studies need to evaluate the flow of auxin in the shoot and cytokinins in the roots by 

continuously collecting xylem sap from the shoots and from the root pressure exudate in 

order to better establish the dynamic of auxin to cytokinin ratio and to evaluate how this 

ratio is correlated with plant growth parameters. The influence of the grafting process in 

addition to the rootstock effects also need to further explored.  

Furthermore, studies with fruit trees such as apple have also demonstrated that 

the relative contents of endogenous gibberellins acids (GAs) may influence the 

rootstock-induced scion dwarfing with the suggestion that GA concentrations increased 

with increasing rootstock vigor (Kamboj et al., 1999). It is suggested that decreased 

basipetal transport of auxin (IAA) may limit the amount of root-produced gibberellins that 

is synthesized and supplied to the scion for shoot growth. In this study, plants grafted on 

‘Multifort’ had significantly a higher concentration of GA (GA3 + GA4) in the leaf tissue 

at the reproductive stage (72 DAT) as compared with other treatments. More 

interestingly, the GA levels in the root tissues of the two vigorous rootstocks were 

significantly greater than non-grafted and self-grafted control plants. The correlation 

analysis also revealed a significantly positive relationship between yield and gibberellic 

acid levels. 

Conclusions 

In this greenhouse study, ‘Florida 47’, a determinate tomato cultivar, grafted onto 

two different interspecific hybrid rootstocks ‘Beaufort’ and ‘Multifort’ showed significantly 

greater aboveground biomass and fruit yields as well as improved root characteristics 

such as root length compared to the non-grafted and self-grafted ‘Florida 47’ plants. 
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However, differences in other physiological measurements, including nitrate reductase 

activity and levels of nitrate, organic nitrogen, amino acids, and soluble proteins, were 

less evident between grafted and non-grafted plants and did not show any consistent 

trend. Moreover, analysis of endogenous hormones such as auxin, cytokinin, and 

gibberellins did not exhibit consistent effects of the two vigorous rootstocks used. Future 

research is warranted to elucidate how different rootstocks may affect nitrate 

assimilation at varying supply levels of nitrogen to plants. The potential rootstock 

influence on hormonal modifications of grafted tomato plants also deserves more in-

depth examination. 
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Table 4-1.  Fruit yields and aboveground biomass of grafted and non-grafted tomato 
plants. 

Treatment 

Yield  
(kg/plant) 

 Marketable fruit  
(kg/plant) 

Biomassz 
(g/plant) 

Total Marketable 
Mean fruit 
weight (g) 

Fruit 
number 

FL/BE 6.00 a 5.63 a  163.31 a 35 a 433.77 ab 
FL/MU 6.36 a 6.06 a  169.75 a 36 a 469.13 a 
FL/FL 4.07 b 3.75 b  160.32 a 24 b 379.15 bc 
FL 4.03 b 3.77 b  162.04 a 23 b 325.34 c 

zAboveground biomass (leaf blade, petiole, stem, and fruit) was measured at first 
harvest, i.e., 72 DAT. 
Means within a column followed by the same letter are not significantly different at P ≤ 
0.05 based on Fisher’s LSD test. 
FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
FL/FL: self-grafted ‘Florida 47’, and FL: non-grafted ‘Florida 47’ 
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Table 4-2.  Total root length (RL), average root diameter (AD), root surface area (RS) 

and root volume (RV), specific root length (SRL), specific root surface area 
(SRSA), root mass: root volume ratio (M:V), and root length: root volume ratio 
(L:V) of grafted and non-grafted ‘Florida 47’ tomato plants at 72 DAT. 

Treatment RL 
(m/plant) 

AD 
(mm/plant) 

RS 
(cm

2
/plant) 

RV 
(cm

3
/plant) 

SRL 
(cm/g) 

SRSA 
(cm

2
/g) 

M:V 
(g/cm

3
) 

L:V 
(cm/cm

3
) 

FL/BE 6339 a 1.648 a 2142.9 ab 87.8 a 809.8 a 275.4 a 0.09 b 72.46 b 

FL/MU 6822 a 1.826 a 2243.9 a 103.5 a 872.3 a 280.3 a 0.08 b 72.70 b 
FL/FL 3789 b 0.8446 b 1694.0 c 35.9 b 480.9 b 215.8 b 0.24 a 107.4 a 
FL 4292 b 0.3964 b 1877.8 bc 45.3 b 524.9 b 230.1ab 0.18 a 94.11 ab 

Means within a column followed by the same letter are not significantly different at P ≤ 
0.05 using Fisher’s LSD test. 
FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
FL/FL: self-grafted ‘Florida 47’, and FL: non-grafted ‘Florida 47’ 
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Table 4-3.  Net CO2 assimilation rate on a leaf area basis (Pn), stomatal conductance 

(Gs), sub-stomatal CO2 concentration (Ci), transpiration rate (Tr), intrinsic 
water use efficiency (iWUE), and specific leaf area (SLA) of grafted and non-
grafted ‘Florida-47’ tomato plants. 

Treatment 
Pn 

(µmol CO2 m
-2

 s
-1

) 

Gs 

(mol H2O m
-2

 
s

-1
) 

Ci 
(µmol mol

-1
) 

Tr 
(mmol m

-2
 

s
-1

) 

iWUE 
(µmol CO2 

mmol
-1

 H2O) 

SLA 
(cm

2
 g

-1
) 

FL/BE 
28.80 ab 0.84 ab 287.77 a 6.97 ab 4.14 a 284.93 a 

FL/MU 
28.79 ab 0.89 a 290.23 a 7.45 a 3.86 a 303. 13 a 

FL/FL 
30.56 a 0.97 a 289.25 a 7.49 a 4.12 a 194.97 b 

FL 
26.26 b 0.74 b 288.16 a 6.56 b 4.02 a 201.35 b 

FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
FL/FL: self-grafted ‘Florida 47’, and FL: non-grafted ‘Florida 47’ 
Means within a column followed by the same letter are not significantly different at P ≤ 
0.05 using Fisher’s LSD test. 
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Table 4-4.  Tissue concentrations of organic N, amino acids, and soluble proteins of 
grafted and non-grafted ‘Florida-47’ tomato plants at 42, 72, and 114 DAT. 

Treatment 

Organic N 
(mg g

-1 
DW) 

 Amino Acids 
(mg g

-1 
FW) 

 Soluble Proteins 
(mg g

-1
 FW) 

42 72 114 42 72 114 42 72 114 

 Leaves 

FL/BE 45.0 a 39.1 ab 42.7 a  1.3 a 0.96 a 0.10 a  21.46 a 20.63 a 16.08 a 

FL/MU 42.1 a 41.8 a 44.4 a  0.9 a 0.84 a 0.06 b  21.31 a 21.09 a 12.20 a 

FL/FL 47.1 a 39.7 ab 39.4 a  1.1 a 0.71 a 0.05 b  21.82 a 22.30 a 10.76 a 

FL 40.1 a 35.7 b 38.7 a  1.0 a 0.95 a 0.05 b  22.08 a 22.73 a 9.92 a 

 Roots 

FL/BE 24.7 a 19.8 a 20.3 a  0.27 a 0.69 a 0.06 a  2.52 b 2.29 a 3.60 a 

FL/MU 26.8 a 18.6 a 18.5 a  0.24 a 0.45 a 0.08 a  3.55 ab 2.82 a 3.56 a 

FL/FL 26.7 a 21.4 a 20.7 a  0.3 a 0.71 a 0.09 a  3.46 ab 2.64 a 3.82 a 

FL 28.1 a 21.9 a 20.1 a  0.3 a 0.61 a 0.08 a  3.93 a 2.85 a 3.28 a 

FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
FL/FL: self-grafted ‘Florida 47’, and FL: non-grafted ‘Florida 47’ 
 
Means within a column followed by the same letter are not significantly different at P ≤ 
0.05 using Fisher’s LSD test. 
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Table 4-5.  Auxin, cytokinin, gibberellic acids concentrations, and auxin:cytokinin ratio 
(AUX:CTK) in leaf and root tissues of grafted and non-grafted ‘Florida-47’ 
tomato plants at 42 and 72 DAT. 

Treatment Auxin 
(ng g 

-1
 FW) 

 Cytokinin 
(ng g 

-1
 FW) 

 Gibberellin 
(ng g 

-1
 FW) 

 AUX:CTK 

42 72 42 72 42 72 42 72 

Leaves 
FL/BE 1064.5 a 413.3 ab  0.46a 0.14 b  27.8 a 28.40 b  2730.3 a 3625.3 a 

FL/MU 428.6 b 343.8 ab  0.24ab 0.58 a  24.5 a 50.15 a  2895.9 a 648.6 c 

FL/FL 492.7 b 429.9 a  0.13 b 0.19 b  23.2 a 28.45 b  4013.8 a 2527.3 ab 

FL 558.6 b 231.8 b  0.18ab 0.15 b  26.4 a 25.43 b  3092.3 a 1693.8 bc 

Roots 
FL/BE 42.7 ab 52.1 a  0.06 a 0.05 a  5.1 a 5.82 a   758.6 a 966.2 a 

FL/MU 35.0 b 75.3 a  0.05 a 0.06 a  3.8 ab 6.17 a  728.2 a 1267.6 a 

FL/FL 57.2 a 66.6 a  0.06 a 0.05 a  2.7 b 2.54 b  925.6 a 1312.1 a 

FL 57.5 a 63.1 a  0.06 a 0.05 a  2.8 b 0.93 b  954.3 a 1182.5 a 

FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
FL/FL: self-grafted ‘Florida 47’, and FL: non-grafted ‘Florida 47’ 
 
Means within a column followed by the same letter are not significantly different at P ≤ 
0.05 using Fisher’s LSD test. 
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Table 4-6.  Pearson correlation of fruit yield (YLD), aboveground biomass (BS), specific 
root length (SRL), nitrate reductase activity (NRA), organic nitrogen (OGN), 
and concentrations of nitrate (NIT), soluble proteins (PRO), amino acids (AA), 
auxins (AUX), cytokinins (CTK), and gibberrellic acids (GA) averaged across 
grafted and non-grafted ‘Florida47’ tomato plants. 

 YLD BS SRL NIT OGN NRA PRO AA AUX CTK GA 

YLD 1.00 0.41          

BSs 0.41 1.00          

SRL 0.68** 0.59* 1.00         

NIT -0.50* -0.54 -0.19 1.00        

OGN 0.26 0.43 0.03 -0.51 1.00       

NRA -0.007 -0.19 -0.05 -0.01 -0.13 1.00      

PRO -0.55* 0.05 -0.47 0.09 0.14 0.19 1.00     

AA 0.09 0.13 0.31 -0.64 0.14 0.04 0.19 1.00    

AUX 0.18 0.28 0.30 -0.17 0.07 -0.14 -0.07 0.30 1.00   

CTK 0.39 0.57* 0.48 -0.65 0.49 0.34 -0.11 0.34 0.25 1.00  

GA 0.56* 0.18 0.32 -0.21 0.32 -0.71 -0.47 0.04 0.14 -0.07 1.00 

*, ** Significance at P ≤ 0.05 0.05 and P ≤ 0.01, respectively. 
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Figure 4-1.  In vivo activity of nitrate reductase in leaf (A) and root (B) tissues of grafted 

and non-grafted ‘Florida 47’ tomato plants at 42, 72, and 114 DAT. 

FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
and FL: non-grafted ‘Florida 47’ 
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Figure 4-2.  Nitrate concentrations in leaf (A) and root (B) tissues of grafted and non-

grafted ‘Florida 47’ tomato plants at 42, 72, and 114 DAT. 

FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
and FL: non-grafted ‘Florida 47’ 
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CHAPTER 5 
YIELD, IRRIGATION WATER AND NITROGEN USE EFFICIENCY OF FIELD GROWN 

GRAFTED TOMATO WITH DRIP IRRIGATION  

Introduction 

Grafting is currently practiced worldwide on many high-value cucurbitaceous and 

solanaceous crops such as watermelon (Citrullus lanatus), melon (Cucumis melo), 

cucumber (Cucumis sativus), (Solanum lycopersicum L.), eggplant (S. melongena), and 

pepper (Capsicum annuum) for both open-field production and protected culture (Davis 

et al., 2008; Lee, 1994; Lee and Oda, 2003; Lee et al., 2010). Vegetable grafting has 

proven to be an innovative and effective technique for controlling soilborne diseases 

such as fusarium wilt (caused by Fusarium oxysporum), verticillium wilt (caused by 

Verticillium dahliae), southern blight (caused by Sclerotium rolfsii), and bacterial wilt 

(caused by Ralstonia solanacearum) (Lopez-Perez et al., 2006; Mcavoy et al., 2012; 

Rivard and Louws, 2008; Rivard et al., 2010; Rivard et al., 2012) as well as root-knot 

nematodes (Barrett et al., 2012; Bausher, 2009). Grafting with certain rootstocks has 

also been shown to improve plant tolerance to abiotic stresses such as high salt and 

low temperature (Fernandez-Garcia et al., 2004b; Schwarz et al., 2010).  

Previous studies have demonstrated that in addition to disease management, 

plant vigor and yield often increase as a result of grafting with vigorous rootstocks. In 

the case of tomato production, grafted plants can increase marketable yield by 20% to 

62% over non-grafted plants, depending on scion-rootstock combinations and 

production conditions (Di Gioia et al., 2010; Lee and Oda, 2003; Leonardi and Giuffrida, 

2006; Pogonyi et al., 2005). The improved productivity of grafted plants has been 

attributed by some studies to the intrinsic vigor of the rootstock and the scion-rootstock 

interaction, which in turn exerts positive influence on plant nutrient and water 

http://en.wikipedia.org/wiki/Fusarium_oxysporum
http://en.wikipedia.org/wiki/Verticillium_dahliae
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absorption, endogenous hormone balance, N assimilation, and photosynthetic 

processes (Aloni et al., 2010; Dong et al., 2008; Kato and Lou, 1989; Seong et al., 

2003; Stegemann and Bock, 2009; Yamasaki et al., 1994). Given the physiological and 

phenotypic modifications caused by grafting with selected, vigorous rootstocks, it is 

likely that irrigation and fertilization management for maximizing crop yield may differ 

between grafted vs. non-grafted vegetable production. 

In addition to the enhanced fruit yields with grafted plants, plants grafted onto 

vigorous rootstocks also use irrigation water and fertilizer more effectively for producing 

marketable fruit yields (Colla et al., 2011; Rouphael et al., 2008). Recent research has 

addressed the growth and yield performance of grafted plants in response to different 

levels of water or nutrients (Colla et al., 2010; Lykas et al., 2008; Rouphael et al., 2008). 

However, most of these studies focused on cucurbits, especially under greenhouse 

conditions, with an emphasis on either irrigation or fertilization management rather than 

a combination of both. In the present study, responses to both nutrients and water are 

examined together and addressed by comparing grafted vs. non-grafted tomato 

production under field conditions. This information is important for aiding 

recommendations to producers who are increasingly adopting grafting for open-field 

tomato production on a larger scale. Furthermore, conditions in Florida, where the 

commercial production of fresh market tomato occurs, include sandy soils with low 

water and nutrient retention capacities (Hartz and Hochmuth, 1996; Hochmuth, 1992; 

Locascio, 2005). The situation in Florida is compounded by recommendations for N 

fertilization based primarily on crop type rather than soil tests (Olson et al., 2010). 

Therefore, the objectives of this study were to 1) determine the influence of irrigation 
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regimes and N fertilization application rates on yield and yield components of grafted 

tomato plants grown with drip irrigation in Florida sandy soils; and 2) characterize the 

influence of grafting with vigorous rootstocks on irrigation water and nitrogen use 

efficiency under these conditions. 

Materials and Methods 

Grafting and Transplant Production 

The field-grown, determinate tomato cultivar Florida 47 (Seminis Vegetable Seeds, 

Inc., Saint Louis, MO) was used as the scion and grafted onto two commercially-

available, interspecific hybrid rootstocks, ‘Beaufort’ and ‘Multifort’ (De Ruiter Seeds Inc., 

Lakewood, CO). These two rootstocks are currently the most widely used tomato 

rootstocks in the United States. Rootstock seeds were sown on 21 Feb., 2010 and 19 

Feb., 2011, 2 days before the ‘Florida 47’ scion, to ensure similar stem diameters at the 

time of grafting as the rootstock cultivars tend to germinate and emerge more slowly. 

Plants were splice-grafted (Lee, 1994) on 16 Mar., 2010 and 20 Mar., 2011, when 5-6 

true leaves were present. Grafted plants were immediately placed in a closed healing 

chamber equipped with two humidifiers and an auto-control air conditioning system for 

healing the grafts, where temperature was maintained at 25 ± 3 oC and relative humidity 

above 85%. Light and ventilation were introduced gradually after a dark period of 4 

days. Twelve days after grafting, grafted plants including ‘Florida 47’ grafted onto 

‘Beaufort’ (FL/BE) and ‘Florida 47’ grafted onto ‘Multifort’ (FL/MU) were completely 

healed and ready for transplanting to the field. Non-grafted ‘Florida 47’ (FL) transplants 

provided the control treatment. 
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Field Production 

The field experiments were conducted during the spring seasons of 2010 and 

2011 at the Suwannee Valley Agricultural Extension Center in Live Oak, FL (30.17° N, 

82.59° W). The soil type was a Blanton-Foxwort-Alpin Complex sandy soil (Natural 

Resources Conservation Service, 2006). In both years, field plots were disked and 

plowed, five weeks before transplanting, followed by soil fumigation using Telone C-35 

(Dow AgroSciences, LLC; Indianapolis, IN) at the rate of 196.4 L ha-1. The field was 

fumigated to eliminate interference of soilborne pest factors. Mehlich-1 soil test results 

conducted prior to field preparation showed that no additional P was needed while K 

fertilization at the rate of 205 kg ha-1 was required. Three weeks before transplanting, 

13N-1.7P-10.8K (Mayo Fertilizer Inc, Mayo, FL) fertilizer was applied at a rate providing 

56 kg N ha-1, 7.3 kg P ha-1, and 46.5 kg K ha-1 to all plots during bed preparation. 

Grafted and non-grafted plants were transplanted to raised beds with plastic mulch and 

drip irrigation on 29 Mar. 2010 and 1 Apr. 2011. Beds were 0.71 m wide and spaced 

1.52 m apart (from middle to middle) with 0.46 m in-row spacing for open-field tomato 

production. 

In both years, a split-plot design with four replications was used. The whole-plot 

treatments, i.e., 12 factorial combinations of two irrigation regimes and six N fertilization 

rates, were arranged in a randomized complete block design. The subplot treatments 

included the two grafting treatments FL/BE and FL/MU and the non-grafted ‘Florida 47’ 

(FL) as control, all randomized within each whole plot. There were 12 plants for each 

treatment combination per replication in both 2010 and 2011. The two irrigation regimes 

included: 1) 100% irrigation regime based on the current University of Florida-Institute of 

Food and Agricultural Sciences (UF/IFAS) recommendation for field production of round 
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tomatoes in sandy soils in Florida, i.e., 9354 L/ha/day/string (Olson et al., 2010), and 2) 

50% irrigation regime corresponding to 4677 L ha/day/string. The stake-and-weave 

method was used for trellising the tomato plants. The term “string” is an expression 

used in field tomato production to denote the growth stage of staked tomato plants; 

typically for ‘Florida 47’, 3 sequential strings are necessary from transplanting through 

final harvest. The six N fertilization rates were 56, 112, 168, 224, 280, and 336 kg ha-1 

which represented 25%, 50%, 75%, 100%, 125%, and 150%, respectively, of the 

currently recommended total N application rate of 224 kg N ha-1 (a preplant application 

at 56 kg N ha-1 included) for field production of irrigated, round tomato in sandy soils in 

Florida (Olson et al., 2010). Except for the 56 kg N ha-1 rate, which only included a 

preplant application of 13N-1.7P-10.8K, ammonium nitrate (34N-0P-0K, Mayo Fertilizer 

Inc, Mayo, FL) was injected weekly through the drip tape starting one week after 

transplanting (WAT) to provide the remaining amount of N for other fertilization rate 

treatments. The weekly injected amounts of N for each of these five N fertilization rates 

during 1 to 2 WAT, 3 to 4 WAT, 5 to 11 WAT, 12 WAT, and 13 WAT, respectively, were 

as follows: 1) 3.0, 4.0, 5.0, 4.0, and 3.0 kg ha-1; 2) 6.1, 8.0, 10.0, 8.0, and 6.1 kg ha-1; 3) 

9.1, 12.0, 15.0, 12.0, and 9.1 kg ha-1; 4) 12.1, 16.0, 19.9, 16.0, and 12.1 kg ha-1; and 5) 

15.1, 20.0, 24.9, 20.0, and 15.1 kg ha-1. Potassium chloride (Dyna Flo 0N-0P-15K, 

Chemical Dynamics Inc, Plant City, FL) was also applied through fertigation to provide 

each treatment with amount of K needed after accounting for the preplant application 

based on the soil test. The weekly injected amounts of K during the growing season 

were as follows: 11.8, 9.3, 14.3, 9.3, and 6.7 kg K ha-1 during 1 to 2 WAT, 3 to 4 WAT, 5 

to 11 WAT, 12 WAT, and 13 WAT, respectively. Other cultural practices, including pest 
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control, followed current recommendations for commercial field tomato production in 

Florida (Olson et al., 2010). Further, daily rainfall data collected by a weather station of 

the Florida Automated Weather Network (FAWN) located at Live Oak (FAWN, 2011) 

were used to compare the 2010 and 2011 seasons in terms of rainfall distribution. It 

should be noted that in addition to the non-grafted ‘Florida 47’ (FL) controls, self-grafted 

scion plants (FL/FL) were added as a second set of controls. These were included in 

the 100% irrigation and N rate (224 kg N ha-1) plots in order to examine the effect of 

graft injury and initial growth reduction associated with the grafting process. 

Yield, Irrigation Water Use Efficiency, and Nitrogen Use Efficiency 

Mature green tomato fruit were harvested from 10 plants in each treatment 

combination per replication. Fruit were picked 80 and 88 days after transplanting (DAT) 

in 2010, and 75, 85, and 92 DAT in 2011. They were then graded as extra-large, large, 

medium, and culls (small fruit and defective fruit). Fruit in each grade were counted and 

weighed. Total fruit yield, marketable fruit yield, average fruit weight, and average 

number of fruit per plant were estimated. Irrigation water use efficiency (iWUE) was 

estimated as the ratio of the marketable fruit yield to the amount of irrigation water 

applied during the production season. Nitrogen use efficiency (NUE) was estimated as 

the ratio of the marketable fruit yield to the amount of N supplied during the production 

season. 

Statistical Analyses 

Data from the 2010 and 2011 experiments were analyzed separately. Analysis of 

variance was conducted using the GLIMMIX procedure of SAS version 9.2 (SAS 

Institute, Cary, NC). Within each season, yield and yield components, iWUE, and NUE 

were analyzed with a model including main effects of irrigation regime, N fertilization 
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rate, and grafting treatment. All models also included all possible interaction terms of 

these factors. An analysis of the conditional studentized residuals indicated no 

deviations from the normality and homoscedasticity assumptions, and therefore data 

transformation was not needed. Tukey’s test (α = 0.05) was used for multiple 

comparisons. 

Results 

Seasonal Rainfall at the Experimental Site 

Daily rainfall data collected by the weather station of FAWN located at the 

research center in Live Oak were used to compare the seasonal rainfall between the 

2010 and 2011 trials (Florida Automated Weather Network, 2011). The rainfall pattern at 

the experimental site varied greatly between the 2010 and 2011 growing seasons 

(Figure 5-1). Total rainfall during the growing season was 272 mm in 2010 and 157 mm 

in 2011. Within the first 4 WAT, there was ≈12% higher rainfall in 2011 than in 2010. 

However, starting from the week 5 through week 11, an increased amount of rainfall by 

≈326% occurred in 2010 than in 2011, i.e., 186 mm in 2010 vs. 57 mm in 2011. 

Total and Marketable Fruit Yields 

Irrigation regime, N fertilization rate, and grafting all showed significant influence 

on tomato fruit yields in both 2010 and 2011 experiments (Table 5-1). In the 2010 trial, 

the 50% irrigation regime resulted in higher total and marketable fruit yields compared 

to the 100% irrigation regime. Increases averaged 15% and 19%, respectively (Table 5-

2). Tomato yield responded to different N rates, with increased total and marketable fruit 

yields for increasing N rates up to 168 kg ha-1. Although N at 168 kg ha-1 increased 

yields above those at 56 kg N ha-1, no significant differences were observed with N 

rates higher than 168 kg ha-1 (Table 5-2). Grafting with the two rootstocks significantly 
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improved the yields of ‘Florida 47’. Averaged over the two rootstocks, the increase of 

total and marketable fruit yields relative to those of non-grafted ‘Florida 47’ reached 

27% and 30%, respectively (Table 5-2). It was noted that the yield improvement in 

grafted plants was more pronounced starting in the second harvest, especially with the 

use of ‘Multifort’ rootstock (data not shown).  

For the 2011 trial, the tomato yield response to N rates was dependent on 

irrigation regime as reflected by the significant interaction of irrigation regime by the N 

rate. With the 50% irrigation regime, the total and marketable yields at 56 kg N ha-1 

were significantly lower than those at higher N rates, but increasing N rate beyond 112 

kg ha-1 did not enhance yields further (Table 5-3). In contrast, the 100% irrigation 

regime required higher N rates to maximize total fruit yield, which was similar above 224 

kg N ha-1. Comparison of the yield response to the two irrigation regimes at each N rate 

did not show a clear pattern; however, total yields did not differ except at 56 and 280 kg 

N ha-1 while marketable yields were similar except at 280 and 336 kg N ha-1. Similar to 

the 2010 experiment, total and marketable fruit yields of the grafted plants (FL/BE and 

FL/MU) were significantly higher than the non-grafted plants (FL) in the 2011 trial, and a 

significant grafting × N rate interaction was also observed for marketable fruit yield 

(Tables 5-1 and 5-3). Grafting increased the marketable yield of ‘Florida 47’ with each N 

rate at or above 112 kg N ha-1, and the yield increase reached 46% at 224 kg N ha-1, 

the currently recommended N rate for non-grafted ‘Florida 47’. Grafting also altered the 

responsiveness of marketable yield to N rates. For non-grafted ‘Florida 47’, marketable 

yield was maximized at 112 kg N ha-1 and did not increase with more N. In contrast, the 
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marketable fruit yields of the grafted plants continued to increase with N rates up to 280 

kg ha-1 (Table 5-3). 

Yield Components 

The marketable yield components, including number of tomato fruit per plant and 

average fruit weight were further examined to identify the contributors to yield 

responses. In both 2010 and 2011 trials, grafted plants (FL/BE and FL/MU) had 

significantly more marketable fruit per plant than did non-grafted plants (FL) (Table 5-1). 

Grafting increased fruit number by an average of 13% in 2010 and 27% in 2011 (data 

not shown). The number of marketable fruit per plant was also affected by a significant 

interaction between irrigation regime and N rate in both years (Table 5-1). In 2010, 

under the 100% irrigation regime, the marketable fruit number per plant was significantly 

lower at 112 kg N ha-1, and most reduced at 56 kg N ha-1 (Table 5-4). Under the 50% 

irrigation regime, fruit number was lowest at 56 kg N ha-1, while increasing N rate 

beyond 112 kg ha-1 significantly increased the fruit number at 224 and 336 kg N ha-1. In 

the 2011 trial, the marketable fruit number at different N rates under the two irrigation 

regimes followed the same response of marketable fruit yields (Tables 5-3 and 5-4). 

Consistent with the higher marketable yield under the 50% irrigation regime in 

2010, the average fruit weight was also significantly greater. Significant effects of 

grafting, N rate, and their interaction were also evident in average fruit weight (Table 5-

1). Grafting with the two rootstocks significantly increased the average fruit weight of 

‘Florida 47’ at most N rates tested but not at 112 kg ha-1 (data for 2010 not shown). In 

the 2011 experiment, the impact of grafting on average fruit weight also reflected 

significant interaction effects associated with irrigation regime and N rate (Table 5-1). 

Under the 50% irrigation regime, grafted plants (FL/BE and/or FL/MU) showed 
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significantly greater average fruit weight than the non-grafted plant at each of the six N 

rates applied. In contrast, under the 100% irrigation regime, the average fruit weight did 

not differ between grafted and non-grafted ‘Florida 47’ at 56 kg N ha-1 (Table 5-5). 

Under the recommended irrigation regime (100%) and N rate (224 kg ha-1), the average 

marketable fruit weight was increased by grafting by appropriately 17% in contrast to 

the non-grafted plants. 

Irrigation Water Use Efficiency (iWUE) 

The iWUE relative to marketable fruit yields was affected by significant two-way 

interactions between grafting, irrigation regime, and N rate. Results were similar in the 

2010 and 2011 trials (Table 5-1). In both years, a marked decline of iWUE was 

observed when the irrigation regime was increased from 50% to 100% irrespective of 

grafting and N rate treatments (Figures 5-2A, 5-2B, 5-2C, and 5-2D). In 2010, the iWUE 

was maximized at 224 kg N ha-1 and 280 kg N ha-1 within the 50% and 100% irrigation 

treatments, respectively, while it did not differ significantly between N rates at and 

above 168 kg N ha-1 within each irrigation regime (Figure 5-2A). In 2011, under the 50% 

irrigation regime, the iWUE at 112 kg N ha-1 was significantly higher than that at 56 kg N 

ha-1 but the N rates above 112 kg ha-1 did not lead to any significant increase of iWUE. 

Within the 100% irrigation regime, the iWUE reached the highest value at 280 kg N ha-1 

but it did not differ significantly from values at 224 kg N ha-1 and 336 kg N ha-1 (Figure 

5-2B). Furthermore, iWUE of the grafted plants were significantly higher relative to that 

of non-grafted plants at both irrigation regimes in both years, although the difference 

tended to vary with the irrigation regime (Figures 5-2C and 5-2D). In 2010, the averaged 

iWUE values of the grafted plants were greater than that of the non-grafted plants by 

29% under the 50% irrigation regime and by 32% under the 100% irrigation regime. In 
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2011, the average increase in iWUE as a result of grafting was 54% and 36% under 

50% and 100% irrigation regimes, respectively. In general, both grafted and non-grafted 

plants in each season exhibited a linear increase of iWUE with the increasing N rate 

from 56 to 168 kg ha-1 (Figure 5-2E and 5-2F). A further improvement of iWUE at 224 kg 

N ha-1 was observed in grafted plants but not in non-grafted ‘Florida 47’. Increasing the 

N rate from 224 to 336 kg ha-1 did not result in any pronounced change of iWUE. 

Furthermore, the performance of the two rootstocks used also seemed to differ at 

certain N rates. In both years, grafting significantly enhanced the iWUE at different N 

rates except that there was no significant difference between the iWUE of FL/MU and 

non-grafted (FL) at 56 kg N ha-1, while FL/BE and FL showed similar levels of iWUE at 

168 kg N ha-1 in 2010. 

Nitrogen Use Efficiency (NUE) 

In the 2010 trial, the main effect of irrigation regime was significant, while the 

significant effect of N rate on NUE was dependent on grafting (Table 5-1). NUE was 

20% higher in the 50% irrigation regime compared to the 100% irrigation regime (data 

not shown). Moreover, compared with the non-grafted ‘Florida 47’, grafted plants with 

the two rootstocks enhanced NUE significantly at each N rate except the 168 kg N ha-1 

treatment (Table 5-6). On average, the increase in NUE due to grafting with the 

vigorous rootstocks were 81% and 23% with the 56 and 112 kg N ha-1, respectively, 

while ranging from 26% to 38% when increasing the N rate from 224 to 336 kg N ha-1. 

In addition, for both FL/BE and FL/MU, increasing the N rate from 56 to 336 kg N ha-1 

consistently decreased the NUE. However, the decrease was mainly significant 

between the two lower N rates (56 and 112 kg ha-1) and the two higher N rates (280 and 

336 kg ha-1). With the non-grafted plants, except the N rate at 56 kg ha-1, NUE 
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decreased as the N rate increased from 112 to 336 kg N ha-1. Furthermore, in 2011, the 

main effect of grafting was significant, while the significant effect of N rate on NUE was 

related to the irrigation regime (Table 5-1). In 2011, compared with the non-grafted 

‘Florida 47’, grafted plants with the two rootstocks increased NUE by 42% relative to 

that of non-grafted plants (data not shown). Under both irrigation regimes regardless of 

the grafting treatment, the rate of 112 kg N ha-1 resulted in the highest NUE, while the 

lowest NUE was observed at 336 kg N ha-1 (Table 5-6). NUE values at certain N rates 

were also influenced by the irrigation treatments. At 56 kg N ha-1, the NUE was 

significantly higher under the 50% irrigation regime while the opposite was observed at 

each of the higher N rates ≥ 224 kg N ha-1. 

Discussion 

Grafting Influence on Fruit Yields of Tomato under Field Conditions 

Grafting the determinate ‘Florida 47’ tomato plants with vigorous rootstocks 

‘Beaufort’ and ‘Multifort’ significantly improved total and marketable fruit yields at almost 

all N rates applied in this study. Moreover, grafted plants tended to be more responsive 

to the increase of N than non-grafted plants particularly in the 2011 trial. Compared with 

non-grafted tomato plants, it is likely that grafted plants may require a higher level of N 

for maximizing yield performance. Fruit is an important sink for carbohydrates and 

amino acids in tomato plants (Valle et al., 1998). Given the greater number of fruit per 

plant and higher average fruit weight of grafted plants, the sink strength of the grafted 

plants would have been at a higher level relative to that of the non-grafted plants. This 

stronger fruit sink of grafted tomato may partly reflect a greater demand for nutrients 

especially nitrogen. Future work is warranted to elucidate the nutrient requirement for 

field production of grafted tomatoes with different combinations of scions and 
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rootstocks. In the present study, the two interspecific tomato hybrid rootstocks 

demonstrated an overall similar yield improvement. Although the rootstocks used are 

well known for their high resistance to several soilborne diseases, the increased yields 

observed here with fumigated soils could be attributed primarily to the vigorous 

characteristics of the rootstocks. The positive scion-rootstock interactions would have 

improved plant growth and development. Yield enhancement from grafting, even in a 

low disease pressure, has been reported previously with solanaceous and 

cucurbitaceous vegetables (Fernandez-Garcia et al., 2004a; Leonardi and Giuffrida, 

2006; Proietti et al., 2008; Ruiz et al., 1997). In this study, fruit yields were similar for 

self-grafted (FL/FL) and non-grafted (FL) plants under the recommended irrigation 

regime and N rate (data not shown), thus reinforcing the suggestion that yield increase 

could be attributed mainly to the specific rootstocks used rather than the grafting 

process per se. Lykas et al. (2008) reported an increase of tomato yield due to self-

grafting in a greenhouse hydroponic study. However, it was unclear how consistent the 

self-grafting effect was as their study was not repeated in a second season. 

Nevertheless, it has been suggested that the growth and yield enhancement in grafted 

vegetable plants is largely contributed by the use of selected rootstocks rather than the 

grafting process per se (Davis et al., 2008; Lee and Oda, 2003; Lee et al., 2010). 

In general, data here showed that increases in both fruit number per plant and 

average fruit weight contributed to the overall improvement of marketable fruit yield from 

grafted plants. These results concur with some previous reports (Lee and Oda, 2003; 

Passam et al., 2005), but Di Gioia et al. (2010) did not observe a significant change in 

yield components as a result of grafting. In our study, the cull fruit yield (small, 
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immature, and/or damaged fruit) did not differ significantly between grafted and non-

grafted tomato plants (data not shown). However, the percentage of cull fruit out of the 

total harvest was also reduced in grafted treatments by 28% on average relative to the 

non-grafted plants, and thereby contributing partly to marketable fruit yield increase as 

well. Underlying mechanisms inherent to growth vigor and yield enhancement by 

grafted plants are often attributed to enhanced nutrient and water uptake (Rouphael et 

al., 2008; Ruiz et al., 1997) and increased synthesis of endogenous hormones (Dong et 

al., 2008; Seong et al., 2003). 

Seasonal Variation of the Irrigation and N Rate Effects 

Under the two irrigation regimes tested in this study, increasing N rate significantly 

increased fruit yields of both grafted and non-grafted tomato plants to a maximum 

amount, which then leveled off with higher levels of N application. These results were 

consistent with previous studies by Scholberg et al. (2000), Topcu et al. (2007), and 

Hebbar et al. (2004) using tomatoes grown under diverse environmental conditions. The 

influence of irrigation regime and N rate on total and marketable yields varied between 

2010 and 2011 seasons. In 2010, the 50% irrigation regime led to significantly higher 

fruit yields as compared to the 100% irrigation regime. In contrast, in 2011, yields under 

the 100% irrigation tended to be higher than those with the 50% irrigation at N rates 

above 224 kg ha-1. The inconsistent results over these two seasons could be largely 

related to the variation of environmental conditions especially the rainfall. The 2010 

growing season had a higher level of rainfall than 2011 particularly during the plant 

reproductive stage. This period corresponded to the prime period of fruit development 

during which the nutrients applied through fertigation accounted for about 60% of the 

total nutrient supply after transplanting. Florida’s sandy soils are characterized by poor 
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water holding capacity (0.07-0.25 cm of water per cm of soil) and are more prone to 

nitrate (NO3
-) leaching (Simonne et al., 2004, 2006). With the heavier rainfall in 2010, 

NO3
- leaching problem in sandy soils at the experimental site could have been worse 

and therefore reduced N uptake by plants. A study by Zotarelli et al. (2009a) in Citra, FL 

reported similar inter-annual differences in tomato yields when rainfall was greater along 

with higher temperatures in the middle of the growing season. Improving irrigation 

scheduling based on soil moisture sensors and crop needs will help reduce nitrate 

leaching in field tomato production in sandy soils (Simonne et al., 2010; Zotarelli et al., 

2009b). In this study, there was no or reduced yield response to N rates higher than 168 

kg ha-1. This is in line with results reported by Zotarelli et al. (2009a) who in a 3-year 

study, did not find any significant difference in fruit yields of the same tomato cultivar 

Florida 47 in north Florida in response to three N rates (176, 220, and 330 kg ha-1). With 

the same tomato cultivar (non-grafted) and experimental site as our study, Poh et al. 

(2011) observed difference in yields as a result of inter-annual environmental 

disparities. In one season, these authors obtained fruit yields of 44, 43, and 49 Mg ha-1 

at 134, 179, and 224 kg N ha-1, respectively, with a significant difference between the 

highest N rate and the other two lower N rates, whereas such a trend was not found in 

the other season. In another field study in central Florida on the specialty tomato cultivar 

Tasti-Lee, a significantly higher total marketable yield was found at 307 kg N ha-1 as 

compared wtih those at 229 and 268 kg N ha-1 over two seasons (Santos et al., 2010). 

Grafting Influence on Irrigation Water and Nitrogen Use Efficiency 

Regardless of the irrigation levels, ‘Florida 47’ grafted onto the two rootstocks 

were more efficient in water use for fruit production compared to the non-grafted plants. 

These results concur with previous reports on rootstock effects on the iWUE relative to 
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marketable fruit yield. According to Lykas et al. (2008), grafting with ‘He-mans’ rootstock 

improved WUE (measured as amount of harvested fruit per volume of transpired water) 

of greenhouse-grown ‘Big Red’ tomato by about 112%, although self-grafted ‘Big Red’ 

also exhibited a similar increase. Improvement of water use efficiency was also 

observed by Rouphael et al. (2008) on mini-watermelon under field conditions. The 

enhanced WUE found in grafted plants in these studies was mainly due to the 

improvement of fruit yields rather than reduced water use. In both 2010 and 2011 trials, 

the 100% irrigation regime resulted in a decrease in iWUE as opposed to the 50% 

irrigation regime despite the use of grafting with rootstocks. This indicates that the full 

irrigation regime probably caused an excess in water supply which did not favor fruit 

yield development. Similar findings were reported previously by Rouphael et al. (2008) 

on mini-watermelon, Cabello et al. (2009) on melon, and Kirnak et al. (2002) on 

eggplant. The enhancement in WUE in reduced irrigation regimes is often attributed to 

various adaptive physiological mechanisms which involve changes in water relations 

and gas exchange (Bloch et al., 2006; Rajabi et al., 2009). It is suggested that under 

drought stress water loss associated with plant carbon fixation can be reduced (Bloch et 

al., 2006). Increase in WUE of plants under reduced water supply may also relate to 

certain morphological changes in plants such as deeper root systems and canopy 

modification (Zhang et al., 1998). 

In addition to improved iWUE, grafting with appropriate rootstocks may also induce 

greater diversity in terms of NUE as compared to non-grafted plants. Our data showed 

that when averaged over irrigation regimes and N rates, grafted plants were more 

nitrogen use efficient in marketable fruit production by about 35 and 42% compared to 
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non-grafted plants in 2010 and 2011, respectively. An increase of NUE relative to yield 

by 11.8% in grafted melon was reported by Colla et al. (2010) in comparison with non-

grafted plants. In another study on mini-watermelon, Colla et al. (2011) observed a 38% 

increase in NUE of grafted plants as compared with non-grafted plants. Similar to the 

improvement of iWUE, higher NUE observed with grafted plants in this study was 

associated with greater yields in grafted plants than non-grafted plants. Although 

grafting, irrigation regime, and N rate showed relatively consistent effects on iWUE 

between 2010 and 2011, their influence on NUE varied with the production season. The 

significant interaction effect of irrigation regime and N application on NUE in 2011 

suggested differential responses of plants to N fertilizer rates under different irrigation 

regimes. Except for the lowest N rate, increasing N rates under both irrigation regimes 

resulted in reduced efficiency of N use for yield production. Only one tomato scion 

cultivar was used in this study. Future research will need to involve more scions and 

rootstocks to identify the scion-rootstock interactions and specific traits of rootstocks in 

relation to the improvement of iWUE and NUE in grafted tomato plants. 

Conclusions 

This study demonstrated that use of grafted tomato plants could significantly 

improve fruit yields from field-production systems used on sandy soils in Florida. The 

increase of marketable yields resulted from both more fruit per plant and higher average 

fruit weight. Grafting with the two interspecific tomato hybrid rootstocks used here also 

led to significant enhancement in efficiency of water and nitrogen use. Overall, the two 

rootstocks performed similarly. Moreover, variation in environmental conditions, 

particularly rainfall, contributed greatly to yield responses to irrigation and N application. 

Future studies are warranted to explore the N requirement for grafted tomato production 
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under field conditions, since data here indicate that these needs are likely to differ from 

those of non-grafted tomatoes. 
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Table 5-1.  Analysis of variance for effects of irrigation regime, nitrogen fertilization rate, and grafting combination on total 
tomato fruit yield, marketable fruit yield, number of marketable fruit, average weight of marketable fruit, irrigation 
water use efficiency, and nitrogen use efficiency. 

Effect DF 

Total fruit 
yield 

 
Marketable 
fruit yield 

 Marketable fruit  
Irrigation water 
use efficiency 

 
Nitrogen use 

efficiency 
 Number of 

fruit per plant 
 Average fruit 

weight 
 

2010 2011  2010 2011  2010 2011  2010 2011  2010 2011 2010 2011 

Irrigation (I) 1 *** **  *** **  *** NS  ** **  ** ***  *** NS 

N rate (N) 5 *** ***  *** ***  *** ***  *** **  *** ***  *** *** 

Graft (G) 2 *** ***  *** ***  *** ***  *** ***  *** ***  *** *** 

I×N 5 NS ***  NS ***  * **  NS NS  *** **  NS * 

I×G 2 NS NS  NS NS  NS NS  NS *  ** ***  NS NS 

N×G 10 NS NS  NS *  NS NS  * *  * **  NS * 

I×N×G 10 NS NS  NS NS  NS NS  NS **  NS NS  NS NS 

NS,*,**,*** Non-significant or significant at the P ≤ 0.05, 0.01, 0.001 level, respectively. 
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Table 5-2.  Main effects of irrigation, nitrogen fertilization rate, and grafting combination 
on total yield, marketable yield, and nitrogen use efficiency of tomato in the 
2010 trial in Live Oak, FL. 

Treatment 

Yield 
(Mg ha-1) 

Nitrogen use 
efficiency 
(kg kg-1) 

Total Marketable 

Irrigation (%)    

    50 55.5 a 49.8 a 319.1 a 
    100 48.3 b 41.8 b 262.9 b 
N rate (kg ha-1)    
      56 23.4 c 18.4 c 327.9 b 
      75 42.8 b 36.3 b 483.9 a 
      148 57.0 a 49.9 a 337.3 b 
      224 63.8 a 57.4 a 256.2 c 
      298 61.9 a 55.4 a 185.8 d 
      372 62.5 a 57.5 a 154.6 d 
Graft    
      FL/BE 54.7 a 48.9 a 314.5 a 
      FL/MU 56.9 a 50.5 a 320.5 a 
       FL 44.1 b 38.1 b 237.9 b 

Means within a column followed by the same letter do not differ at the P ≤ 0.05 level 
according to Tukey’s test. 
FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
and FL: non-grafted ‘Florida 47’ 
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Table 5-3.  Total and marketable yields of tomato as influenced by interactions between irrigation regime, N rate, and 
grafting treatments in the 2011 trial in Live Oak, FL. 

 
 
 
 

N rate 
(kg ha

-1
) 

Total fruit yield 
(Mg ha

-1
) 

 

Marketable fruit yield 
(Mg ha

-1
) 

 

Marketable fruit yield 
(Mg ha

-1
) 

50% 100% 50% 100% 
FL/BE FL/MU FL 

(Irrigation regime) (Irrigation regime)  

56 25.4 Ba 18.6 Db  21.7 Ba 15.8 Da  21.7 Ca 20.2 Cab 14.4 Bb 

75 54.4 Aa 51.5 Ca  49.4 Aa 45.9 Ca  51.8 Ba 53.2 Ba 38.0 Ab 

148 59.3 Aa 57.3 Ca  53.2 Aa 52.9 BCa  58.3 ABa 57.3 ABa 43.7 Ab 

224 55.9 Aa 63.2 Ba  50.8 Aa 58.7 ABa  61.3 ABa 61.0 ABa 42.0 Ab 

298 55.3 Ab 72.8 Aa  48.8 Ab 66.8 Aa  65.1 Aa 64.8 Aa 43.3 Ab 

372 54.3 Aa 65.1 ABa  47.9 Ab 60.8 ABa  62.6 Aa 60.9 ABa 39.6 Ab 

Means followed by the same uppercase letter within a column, and means followed by the same lowercase letters within a 
row are not significantly different according to Tukey’s test at P ≤ 0.05. 
FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, and FL: non-grafted ‘Florida 47’ 
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Table 5-4.  Number of marketable tomao fruit per plant as influenced by the interaction 
between irrigation regime and N rate in the 2010 and 2011 trials in Live Oak, 
FL. 

 
N rate 

(kg ha-1) 

2010 
Irrigation regime 

(%) 

 2011 
Irrigation regime 

(%) 

50 100  50 100 

56 8 Ca 7 Ba  9 Ba 7 Da 

75 16 Ba 12 Bb  19 Aa 17 Ca 

148 19 ABa 18 Aa  20 Aa 19 BCa 

224 22 Aa 18 Aa  20 Aa 21 ABa 

298 19 ABa 20 Aa  19 Ab 23 Aa 

372 22 Aa 18 Aa  18 Ab 22 ABa 

Means followed by the same uppercase letter within a column, and means followed by 
the same lowercase letters within a row are not significantly different according to 
Tukey’s test at P ≤ 0.05. 
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Table 5-5.  Average marketable weight of tomato fruit from grafted and non-grafted 
plants as influenced by interaction between irrigation regime and N rate in the 
2011 trial in Live Oak, FL. 

 
Average fruit weight 

(g/fruit) 
N rate 

(kg ha-1) 
Graft 50% Irrigation regime  100% Irrigation regime 

56 FL/BE 165.2 ab  161.7 a 
 FL/MU 177.1 a  159.2 a 
 FL 154.0 b  170.9 a 

75 FL/BE 182.7 a  190.6 a 
 FL/MU 185.6 a  203.1 a 
 FL 165.6 b  174.3 b 

148 FL/BE 188.7 ab  192.7 ab 
 FL/MU 189.6 a  210.6 a 
 FL 174.7 b  175.2 b 

224 FL/BE 192.8 a  201.2 a 
 FL/MU 178.3 ab  200.1 a 
 FL 166.6 b  171.5 b 

298 FL/BE 193.6 a  190.9 b 
 FL/MU 182.0 a  211.5 a 
 FL 157.0 b  195.0 b 

372 FL/BE 190.1 a  202.5 a 
 FL/MU 190.3 a  194.3 ab 
 FL 156.9 b  180.2 b 

Means within a N rate and the three grafting in the columns having same letters do not 
differ at the P ≤ 0.05 level according to the Tukey’s test. 
FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
and FL: non-grafted ‘Florida 47’ 
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Table 5-6.  Nitrogen use efficiency (kg kg-1) of grafted tomato plants as influenced by 
interaction between irrigation treatment and nitrogen rate (left) and interaction 
between nitrogen rates and grafting combination (right) in Live Oak, FL during 
the spring of 2011. 

 
N rate 

(kg ha-1) 

Irrigation regime 
(%)  

Graft 

50 100 FL/BE FL/MU FL 

56 388.54 Ba 282.3 BCcb  387.34 BCa 360.37 Bab 258.59 BCb 

75 658.86 Aa 612.2 Aa  690.43 Aa 709.46 Aa 506.69 Ab 

148 359.89 BCa 358.1 Ba  394.11 Ba 387.5 Ba 295.37 Bb 

224 226.96 CDb 262.32 Ca  273.95 CDa 272.39 BCa 187.58 CDb 

298 163.71 Db 224.29 CDa  218.77 Da 217.74 Ca 145.5 DEb 

372 129.03 Db 163.5 Da  168.36 Da 163.76 Ca 106.66 Eb 

Means followed by the same uppercase letter within a column, and means followed by 
the same lowercase letters within a row are not significantly different according to 
Tukey’s test at P ≤ 0.05. 
FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
and FL: non-grafted ‘Florida 47’ 
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Figure 5-1.  Cumulative rainfall in Live-Oak, FL during the tomato field trials in 2010 and 

2011. 
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Figure 5-2.  Irrigation water use efficiency as influenced by interaction between irrigation 
treatments and nitrogen fertilization rates (A), by interaction between irrigation 
and grafting treatments (B), and by interaction between nitrogen fertilization 
rates and grafting treatments (C) in 2010. Treatment values at each irrigation 
regime or each nitrogen rate followed by the same letter are not significantly 
different at P ≤ 0.05 based on Tukey’s test. 

FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, FL/MU: ‘Florida 47’ grafted onto ‘Multifort’, 
and FL: non-grafted ‘Florida 47’ 
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CHAPTER 6 
BIOMASS, NITROGEN ACCUMULATION, AND ROOT DISTRIBUTION OF GRAFTED 

TOMATO AS AFFECTED BY NITROGEN FERTILIZATION 

Introduction 

As one of the essential plant nutrients, nitrogen (N) has the greatest influence on 

the growth and development of most crops, being a constituent of proteins, amino acids, 

chlorophyll, nucleic acids, and cell walls (Fageria, 2009; Neeteson, 1995). N fertilization 

is critical for shoot and root growth and it is often applied in greatest quantity and most 

frequently, followed by K fertilization, in many plant production systems, including the 

high-value crops like tomato (Solanum lycopersicum L.) (Hartz and Bottoms, 2009; 

Hochmuth and Hanlon, 2011; Tei et al., 2002). However, due to the high mobility of N in 

the soil profile and the soil-atmosphere interface through leaching, volatilization, and 

denitrification, N fertilization management practices based on high levels of N 

application often resulted in various environmental concerns (Hallberg, 1989; Tan et al., 

2002; Vázquez et al., 2006; Zotarelli et al., 2009a). Best management practices (BMPs) 

including cultural practices have been developed to improve fertilizer use efficiency by 

plants and minimize the adverse impact of nutrient loss from the production site on 

environmental quality. For example, on sandy soils with low intrinsic water and nutrient 

retention capacities, a variety of site-specific practices are being used to optimize 

nutrient management including fertigation with drip irrigation, controlled-released 

fertilizers, soil moisture sensing which allow reducing, splitting or adjusting irrigation 

rates and/or frequency, crop rotation, and cover cropping (Simonne et al., 2010b). In 

addition to improving management practices, it is suggested that the selection and use 

of crop varieties with inherently high N use efficiency (NUE) could also help, to some 

extent, alleviate the environmental concern associated with N loss in the production 
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system while ensuring stability of high yields (Lynch, 1998). Crop varieties with vigorous 

physical root traits that may allow increased nutrient uptake would increase yields 

especially in low fertility soils (Rengel and Marschner, 2005). Nutrient-efficient varieties 

in crops such as wheat, maize, rice have been reported (Lynch, 1998; Rengel and 

Damon, 2008; Wiesler et al., 2001). Research is also taking place to identify the varietal 

differences in N use efficiency in vegetable crops (Benincasa et al., 2011). 

Alternatively, vegetable grafting with vigorous rootstock is also suggested as a 

viable option for improving crop nutrient use efficiency. Although primarily used as an 

effective tool to manage various soil-borne diseases in many intensive and continuous 

vegetable cropping systems (Lee, 1994; Lee et al., 2010), grafting with vigorous 

rootstocks has also been shown to enhance nutrient uptake (Leonardi and Giuffrida, 

2006; Ruiz et al., 1997), improve water use efficiency (Rouphael et al., 2008b) and 

consequently result in higher yield. Specifically, it was demonstrated that grafted tomato 

plants could exhibit an increase of marketable yield by 20-62% as compared with non-

grafted plants, depending upon the production conditions and scion-rootstock 

interactions (Di Gioia et al., 2010; Lee and Oda, 2003; Leonardi and Giuffrida, 2006; 

Pogonyi et al., 2005). Similar grafting effects on yield improvement were observed on 

different cucurbit crops such as melon and watermelon (Ibrahim et al., 2001; Passam et 

al., 2005; Rahman et al., 2002). For instance, Proietti et al. (2008) reported that total 

and marketable yields of mini-watermelon were higher by 46% and 64% as a result of 

the use of certain rootstocks. In comparison with non-grafted ‘Minirossa’ mini-

watermelon, grafting ‘Minirossa’ onto ‘Vita’ increased N use efficiency (yield/applied N 

rate), N uptake efficiency (plant N content/applied N rate), and physiological N utilization 
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efficiency (yield/plant N content) by 38%, 21%, and 17%, respectively (Colla et al., 

2011). This improved efficiency of nutrient uptake and use in grafted plants may be 

related to the modification of root architecture and distribution due to the use of certain 

rootstocks. Some of the root characteristics that may play an active role in nutrient and 

water uptake include root length and density, number of root hairs and their length and 

surface area, and intrinsic uptake ability (Martínez-Ballesta et al., 2010). Oztekin et al. 

(2009) evaluated the root characteristics of grafted and non-grafted tomato plants grown 

in solution culture and observed that root traits such as root density and number of root 

hair were improved with grafted plants in comparison to the self-grafted plants. 

However, their findings did not provide practical implications for field production 

systems. To date, few studies have been conducted to understand root distribution 

characteristics of grafted plants as compared with non-grafted plants in field production 

in relation to N uptake. The objective of the present study was to compare the growth, 

plant nitrogen concentration and accumulation, N uptake efficiency, and root distribution 

between grafted and non-grafted tomato plants in response to different N fertilization 

rates in sandy soils. We hypothesized that grafting with vigorous rootstocks could 

increase root length density distribution and plant biomass and nitrogen accumulation 

as compared with non-grafted plants. 

Materials and Methods 

Experimental Site and Design 

Field experiments were conducted during the spring seasons of 2010 and 2011 at 

the Suwannee Valley Agricultural Extension Center in Live Oak, FL. The soil type is a 

Blanton-Foxwort-Alpin Complex sandy soil (Natural Resources Conservation Service, 

2006). Detailed information about the grafted transplant production, field preparation, 
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and management practices, etc. was provided in Chapter 5. Briefly, a split plot design 

with four replications (blocks) was used in both years. The whole plot treatments 

consisted of six N fertilization rates arranged in a randomized complete block design. 

The six N fertilization rates were 56, 112, 168, 224, 280, and 336 kg N ha-1 which 

represented 25%, 50%, 75%, 100%, 125%, and 150% respectively of the current 

University of Florida-Institute of Food and Agricultural Sciences (UF/IFAS) 

recommended total N application rate at 224 kg N ha-1 (a preplant application at 56 kg N 

ha-1 included) for field production of irrigated round tomato in sandy soils in Florida, 

(Olson et al., 2010). Irrigation was maintained at the current UF/IFAS recommendation 

for irrigation for field production of round tomato in sandy soils in Florida, i.e., 9354 

L/ha/day/string. The subplot involved three treatments: determinate tomato ‘Florida 47’ 

grafted onto ‘Beaufort’ (FL/BE), ‘Florida 47’ grafted onto ‘Multifort’ (FL/MU), and the 

non-grafted ‘Florida 47’ (FL) as control, all randomized within each whole plot. There 

were 12 plants for each treatment combination per replication in both 2010 and 2011. 

Beds were 0.71 m wide and spaced 1.52 m apart (from middle to middle) with 0.46 m 

in-row spacing for open-field tomato production. Except for the 56 kg N ha-1 treatment 

which only included a preplant application of 13N-1.7P-10.8K, ammonium nitrate (34N-

0P-0K, Mayo Fertilizer Inc, Mayo, FL) was injected weekly through the drip tape starting 

one week after transplanting to provide remaining amount of N of each fertilization rate, 

following the recommended fertilization scheduling (Olson et al., 2010). Potassium 

chloride (Dyna Flo 0-0-15, Chemical Dynamics Inc, Plant City, FL) was also applied 

through fertigation to provide an equivalent supply of potassium in each N rate 

treatment based on the soil test. Other cultural practices including pruning and pest 
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control followed the current recommendations for commercial field tomato production in 

Florida (Olson et al., 2010). 

Plant Growth, Nitrogen Uptake and Efficiency 

Maximum accumulated biomass was destructively evaluated on one 

representative plant per treatment combination in each replication at 85 days after 

transplanting (DAT) in 2010 and at 82 DAT in 2011. Each sampled plant was cut at 

ground base and separated into leaf blade, petiole, stem, and fruit, and fresh weight of 

each plant part was taken. Representative samples (approximately 300 g each) from 

leaf blade, petiole, and stem, respectively, and a sample of fruit (approximately 500 g) 

were taken from each sampled plant and weighed. Leaf area was measured with a LI-

COR 3100 leaf area meter (LI-COR Inc., Lincoln, NE) and leaf area index (LAI, m2 leaf 

m-2 land) was calculated. All the sub-samples from each plant were dried in a forced-air 

drying oven at 60°C for 72 to 120 h until constant weight. Total aboveground biomass 

was then determined. 

Dried sub-samples of leaf blades, petiole, stem, and fruit were analyzed for total 

Kjeldahl nitrogen (TKN) concentrations by combustion technique. Shoot N accumulation 

was determined by multiplying dry mass of leaf blade, petiole, stem, and fruit by the 

corresponding N concentrations. In addition, N uptake efficiency expressed as total N 

accumulated/N supply was also estimated. 

Root Analysis 

At 93 DAT in 2010 and at 97 DAT in 2011, root samples were collected from the 

grafted and non-grafted plants to examine the nitrogen fertilization effect on root growth 

and distribution. The root analysis study was focused on three N application rate 

treatments including 112, 224, 336 kg N ha-1, following the root sampling method 
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previously described in Zotarelli et al. (2009b). Briefly, roots were sampled by taking soil 

cores at four different depths: 0-15, 15-30, 30-60, and 60-90 cm, using a 5-cm diameter 

soil auger and at two different positions around the plant (i.e., at the plant base vs. at 15 

cm distance from the plant) in the center of each treatment plot. Soil samples collected 

at each depth per treatment were stored at 4 oC prior to processing in the lab. During 

the sample processing, each sample was weighed and washed with running water 

using a fine sieve to collect root and other debris. Then, cleaned materials above the 

sieve were placed in a clear glass pan and tomato roots were carefully handpicked with 

tweezers and placed in petri dishes. Washed and cleaned roots per soil core were 

scanned using a root scanning apparatus (EPSON color image scanner LA1600+, 

Toronto, Canada) and analyzed with the image analysis software WinRhizo 2008a 

(Regent Instruments, Quebec, Canada) to determine the total root length. Root length 

density (RLD, cm cm-3) for each soil depth was then estimated as the total root length 

(cm) per volume of soil (cm-3) of each soil depth. Also, root surface area density (RSAD, 

cm2 cm-3) was also calculated as the total root surface (cm2) per volume of soil (cm-3). 

The RLD and the RSAD described the exploratory capacity of the root system in terms 

of length and surface area by unit of soil volume. 

Statistical Analyses 

Statistical analyses were performed with SAS proc GLIMMIX procedure (SAS 9.3, 

SAS Institute, Cary, NC). Within each season, the root distribution data were analyzed 

with a heteroscedastic linear mixed effects model including the main effects, two-way 

interactions, three way-interactions, and four-way interactions of the four factors of N 

rates, grafting, position, and depth. N-rate within block and blocks were added to the 

models as random effects. However, models with block as a random effect led to 
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smaller values of Aikake’s Information Criterion and were then considered for the 

analysis. Covariance structure with the residual option based on the effect of 

“Depth*Position” was also specified in the models. Student panel plots were used to 

check normality and homogeneity of residuals, and in this study, data transformations 

were not used. Further, whenever the F-tests for fixed effects were found significant, 

post-hoc analysis were performed to identify the least square means that were 

significantly different (P < 0.05) fixed effects were observed, pairwise comparisons were 

made using the LSMEANS statement adjusted with TUKEY method. 

Results 

Leaf Area Index and Plant Biomass 

The significant main effects of N fertilization and grafting treatments on plant 

growth parameters were observed in both the 2010 and 2011 field trials (Table 6-1). In 

both seasons, increasing N fertilization from 56 to 224 kg ha-1 resulted in a significant 

increase in leaf area index (LAI) and aboveground biomass. However, any further 

increase in N rate did not result in a significant increase in the LAI and aboveground 

biomass accumulation (Table 6-2). Grafted plants with the two rootstocks showed 

significantly higher levels of LAI and aboveground biomass as compared with the non-

grafted plants, while FL/BE and FL/MU performed similarly. Averaged over the N rates, 

grafted plants demonstrated an increase of LAI by about 33% and 35% over the non-

grafted control in 2010 and 2011, respectively. The pronounced increases in LAI as a 

result of grafting was accompanied by improved dry matter accumulation, i.e., total 

aboveground biomass (leaf blades, petiole, stem, and fruit) of grafted plants was higher 

than non-grafted plants by approximately 16% and 27% in 2010 and 2011, respectively.  
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N Accumulation and N Uptake Efficiency 

The N application rate and grafting showed significant influence on the 

accumulated plant N and the nitrogen uptake efficiency (NUE) in both field experiments 

(Table 6-1). In 2010, increasing N rates from 56 to 336 kg ha-1 significantly improved N 

accumulation in the aboveground tissues from 20.97 to 77.52 kg ha-1. In the 2011 

season, the change in accumulated N ranged from 13.35 to 69.79 kg ha-1 (Table 6-2). In 

both seasons, the N accumulation was also significantly higher in grafted plants 

compared with the non- grafted control. The two grafting combinations did not differ 

significantly in 2010, while FL/MU showed a significantly greater level of accumulated N 

than FL/BE in 2011. Averaged over the N fertilization rates, the accumulated N in the 

grafted plants was increased by about 20 and 33% relative to the non-grafted plant in 

2010 and 2011, respectively.  

Analysis of the plant tissue nitrogen concentrations revealed greater effect of N 

application rate than that of grafting. N rate significantly affected N concentrations in the 

leaf blade and stem in both years. Fruit N concentration in 2010 was also significantly 

impacted by N fertilization. In contrast, grafting only showed a significant impact on the 

N concentration in the leaf petiole (Table 6-3). 

The nitrogen uptake efficiency (NUE) was affected significantly by both the N 

application rate and grafting in the 2-year study. In 2010, the NUE at 56 kg N ha-1 was 

significantly higher than that at any other N rates, but increasing N rates from 112 to 

336 kg N ha-1 did not lead to any significant difference in the NUE. In 2011, the NUE at 

112 kg N ha-1 was significantly higher than that at other N rates except 168 kg N ha-1. 

NUE consistently decreased for increase N rates from 112 to 336 kg N ha-1. This 

reduction of NUE was about 43% when the N rate was increased from 112 to 336 kg N 
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ha-1 (Table 6-3). With respect to the grafting effect on the percentage of nitrogen 

recovered in the aboveground plant tissues, results slightly varied with the growing 

season. In 2010, both FL/BE and FL/MU significantly improved NUE relative to non-

grafted plants by 22% on average. However, in 2011 the significant increase in NUE 

(about 39%) as a result of grafting was only observed in FL/MU, while FL/BE and FL 

showed similar levels of NUE (Table 6-2).  

Root Length Density Distribution 

During the two seasons, the root length density (RLD) varied significantly with the 

N rates, grafting type, soil depth, and sampling position. Specifically, N rates effect was 

dependent on grafting type in 2010 and on the soil depth in 2011 (Table 6-3). Except at 

the 112 kg N ha-1, grafting with the two rootstocks significantly increased the RDL of 

‘Florida 47’ at each of the two higher N rates (224 and 336 kg N ha-1) by 58 and 118% 

(Table 6-4). Furthermore, irrespective of the N rates, RLD significantly decreased along 

the soil depth. The majority of the root system was present in the upper soil depths; 

particularly with up to 65% of root system being concentrated in the 0-15 cm soil depth 

in contrast to only about 7% found in the deepest depth (60-90 cm). Similarly, there was 

a significant interaction effect of grafting by soil depth on the RLD in both seasons. In 

general, as with the N rates, RLD consistently decreased as the soil depth increased to 

90 cm independent of the grafting effect. Across all the grafted and non-grafted tomato 

plants, over half of the root system was concentrated between 0 and 15 cm of the soil 

profile, which accounted for 57-63% and 56-65% of the total root length density in 2010 

and 2011, respectively (Table 6-5). At the 0-15 cm soil depth, RLD of the grafted plants 

was significantly greater than that of the non-grafted plants by about 78% and 69% in 

2010 and 2011, respectively. However, values of the RLD measured within 15-30 cm 
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and 30-60 cm of the soil profile were similar between grafted and non-grafted 

treatments except that FL/MU demonstrated a significantly higher level of RLD than FL 

at 30-60 cm in 2011. At the 60-90 cm soil depth, RLD was significantly greater in grafted 

plants than non-grafted plants in 2010, whereas it did not differ between grafted and 

non-grafted treatments in 2011 (Table 6-5).  

Soil sampling position demonstrated a significant impact on RLD which was also 

determined by the soil depth. RLD measured at the plant base position (P1) were 

significantly higher than that at the position of 15 cm distance from the plant (P2), with 

the exception of 60-90 cm of the soil profile where RLD was similar between P1 and P2 

in the 2011 trial (Table 6-5). On average, the root length density at P1 was greater than 

that at P2 by approximately 66%, while the reduction of RLD from P1 to P2 appeared to 

be more pronounced at the top soil profile (0-15 cm). In addition, the decrease of RLD 

along the 0-90 cm of the soil profile seemed to be more rapid at P1 than at P2. The root 

length density decreased as the soil depth increased. 

Discussion 

Grafting Influence on Plant Growth and Nitrogen Use Efficiency 

Positive effects of N fertilization rates on tomato growth parameters have been 

found in previous studies (Elia and Conversa, 2012; Scholberg et al., 2000). As Below 

(2002) reported, nitrogen nutrition influences leaf growth and leaf area duration as well 

as the photosynthetic rate per unit of leaf area and the size of the photosynthetic 

system, which generate assimilates for plant growth. The increased LAI and the 

resulting biomass at increased N rates as observed in this study can be attributed to 

accelerated aboveground growth as a result of increased carbon assimilation. The 

genetic potential of both grafted and non-grafted tomato plants for absorbing and 
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utilizing N was possibly reached at 224 kg N ha-1 given that any further increase in N 

fertilization rates above 224 kg ha-1 did not result in any significant improvement in LAI 

and aboveground biomass in this study. The crop response to N fertilization rates 

seemed to be less pronounced in 2011 than in 2010. This was likely due to the 

difference in rainfall distribution between the two seasons. In general, the 2011 spring 

season was drier than 2010, which could have resulted in reduced N leaching out of the 

root zone in 2011 and thus greater uptake of N by root. 

Marked differences in growth and yield potential often exist among crop species 

and cultivars when grown under the same soil and climatic conditions (Lafever, 1981). 

In this study, leaf area index and dry matter accumulation of ‘Florida 47’ tomato grafted 

onto two interspecific hybrid rootstocks were significantly higher than the non-grafted 

tomato plants. Such differences reflected the potential of vigorous rootstocks in 

enhancing growth and yield of grafted plants. These results are consistent with previous 

reports on grafted vegetable production (Di Gioia et al., 2010; Fernandez-Garcia et al., 

2004b; Leonardi and Giuffrida, 2006). In this study, enhanced growth of grafted plants 

also resulted in higher accumulated N as the two grafted treatments exhibited 

significantly higher accumulated N in aboveground plant tissues as compared to the 

non-grafted treatment. However, the enhancement in N accumulation of grafted plants 

relative to the non-grafted plants was more related to greater accumulated biomass 

rather than an increase in N concentration of the plant tissues per se. In contrast, 

Leonardi and Giuffrida (2006) reported significant differences in N concentration 

between tomato plants grafted onto ‘Beaufort’ and the self-grafted control plants. A 

recent study showed no difference in N concentrations of tomato plant tissues in 
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response to increasing N fertilization rates (Elia and Conversa, 2012). However, 

different from the N concentration responses to grafting, N concentrations in plant 

tissues demonstrated a greater responsiveness to N application rates in our study 

particularly the N concentrations in the leaf blade and stem.  

Nitrogen uptake efficiency is one of the physiological parameters that help to 

evaluate the effectiveness of fertilizer N recovery due to N uptake by the plant. Analysis 

of the nitrogen uptake efficiency defined in this study as a percentage of N recovered in 

the aboveground biomass to the applied N showed a decreasing trend of this parameter 

in response to increasing N fertilization rate. This is in accordance with previous studies 

conducted on tomato (Elia and Conversa, 2012; Scholberg et al., 2000; Singandhupe et 

al., 2003; Zotarelli et al., 2009a) and other crops such as zucchini (Zotarelli et al., 2008) 

and melon (Cabello et al., 2009). This opposite trend of nitrogen uptake efficiency to 

increasing N rates is greatly due to the incremental increase in nitrogen application not 

producing ever increasing harvestable yields (Cabello et al., 2009) and also to the fact 

that under limited supply of available nitrogen in growing media, plants absorb more 

mineralized soil nitrogen to meet their demand (Jamil-Mohammad, 2004). For instance, 

Sweeney et al., (1987) reported that under Florida sandy soil conditions, 2 to 4% of the 

organic soil N could become available for plant uptake during the growing season and 

as a result, N supply from mineralization appeared to be about 10 to 40 kg N ha-1 

during the growing season. The grafting effect on nitrogen uptake efficiency 

demonstrated in the present study was independent of the N application rate. Overall, 

grafted plants showed significantly greater nitrogen uptake efficiency as compared to 

non-grafted plants. In the 2011 season, NUE values of plants grafted onto ‘Multifort’ 
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were significantly higher than plants grafted onto ‘Beaufort’, indicating that the rootstock 

‘Multifort’ may be more efficient in N uptake than ‘Beaufort’. The improvement of 

nitrogen uptake efficiency as a result of grafting with certain rootstocks has been found 

in previous studies on grafted melon (Colla et al., 2010) on mini-watermelon (Colla et 

al., 2011). While more in-depth research is needed to fully understand the contributing 

factors, these authors suggested that increase of nitrate reductase activity has been 

shown to be partly responsible for NUE improvement in some grafted cucurbit crops. 

This could also be due to the increased growth and sink demand. 

Grafting Influence on the Root Length Density Distribution 

The more extensive and vigorous root system of grafted vegetables is often 

suggested to contribute considerably to the observable crop vigor and yield 

enhancement as a result of grafting with vigorous rootstocks (Davis et al., 2008b; 

Martínez-Ballesta et al., 2010; Oztekin et al., 2009; Ruiz and Romero, 1999). However, 

research information is scarce regarding the examination of root characteristics of 

grafted plants especially under field production conditions. In this study, we compared 

the root length density (RLD) of grafted tomato plants to non-grafted plants at different 

soil depth and sampling positions under varying nitrogen rates. Regardless of grafting, 

the root length density was more concentrated within the top 15 cm of the soil profile. 

This root distribution pattern is in agreement with previous studies on tomato plants 

(Lecompte et al., 2008; Machado et al., 2000; Zotarelli et al., 2009b). The concentration 

of roots in the upper layer of soils is closely related to the frequent application of 

nutrients and water which makes this top soil layer more conducive to the proliferation 

of root growth (Jackson and Bloom, 1990). Consistent with previous reports, a 

decreasing trend in RLD along the soil profile was also noted in our study. The 
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restriction of root distribution in the deeper soil profile is largely due to the greater soil 

bulk density and increased level of mechanical resistance, and nutrient/water 

availability. 

Interestingly, the grafting effect varied remarkably with the soil depth. The RLD 

values were significantly greater in grafted vs. non-grafted plants at the 0-15 cm soil 

profile and at 30-60 cm or 60-90 cm, while similar levels of RLD were detected between 

grafted and non-grafted plants within the soil depth at 15-30 cm. The increase of RLD 

due to grafting at the top and deeper layers of the soil profile may have contributed 

directly to the enhancement of aboveground N accumulation and N uptake efficiency in 

grafted tomato plants found in this study. It provided the evidence that tomato plants 

grafted on certain rootstocks can possess a more extensive root system than non-

grafted plants, which allows for greater capability of roots to access and take up 

nutrients like nitrogen that can easily move beyond the active root zone. Such findings 

can be even more meaningful for sandy soils with poor water and nutrient holding 

capacity. Although the difference between the two rootstocks used did not consistently 

stand out in this 2-year study, it is possible that significant variations in nutrient uptake 

related to root characteristics may exist among rootstocks with different genetic 

makeup. Future research on rootstock selection for these root traits will greatly advance 

our understanding of the rootstock capacity in enhancing nutrient uptake efficiency. 

The three-way interaction between nitrogen rate, grafting, and soil depth was 

significant during the 2010 season, indicating that under the highest nitrogen rate of 336 

kg N ha-1 and at the soil depth (0-15cm), grafted plants consistently showed significantly 

higher values of RLD than non-grafted plants (data not shown). Furthermore, RLD was 
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significantly greater under the N rate of 336 kg N ha-1 than at 112 kg N ha-1. The 

tendency of RLD to increase with higher N application rates has been reported 

previously by Sainju et al. (2001) who found that RLD was significantly greater at 90 

and 180 kg N ha-1 as compared with 0 kg N ha-1. In contrast, the study by Jackson and 

Bloom (1990) did not show a clear relationship between tomato root distribution and soil 

N availability. By and large, changes in root architecture often occur in response to 

variations in the availability and distribution of inorganic nutrients in the soil (Lopez-

Bucio et al., 2003). High level of N fertilization also tends to promote shoot growth at the 

expense of root development. As a result, there is often a decrease in the shoot:root 

ratio for most plant species in response to a reduced availability of N (Ågren and 

Franklin, 2003; Marschner, 1995). 

Conclusions 

Growth vigor and nitrogen use and uptake efficiency were improved by grafting 

‘Florida 47’ tomato plants onto two different interspecific hybrid rootstocks ‘Beaufort’ and 

‘Multifort’ regardless of the N fertilization rate. Grafted plants exhibited greater root 

length density than the non-grafted plants particularly within the top and deeper layers 

of the soil profile, which could contribute directly to the enhancement in nitrogen uptake 

efficiency of grafted plants. More studies are warranted to explore the genetic variations 

among tomato rootstocks with respect to their impact on root architecture of grafted 

plants in relation to nutrient acquisition. Use of grafted transplants may be a promising 

approach to be considered in the site-specific program of best management practices.  
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Table 6-1.  Analysis of variance of the effects of nitrogen fertilization and grafting on leaf area index (LAI), total 
aboveground biomass, accumulated nitrogen (Nacc), nitrogen uptake efficiency (NUE), and N concentrations in 
leaf blade, petiole, stem, and fruit samples in the 2010 and 2011 field trials at Live Oak, FL.  

      N concentration 

Effect 

LAI 
Aboveground 

biomass 
Nacc NUE 

 
Leaf blade Petiole Stem Fruit 

2010 2011 2010 2011 2010 2011 2010 2011  2010 2011 2010 2011 2010 2011 2010 2011 

Nitrogen 
(N) 

*** *** *** *** *** *** *** *** 
 

*** * NS NS * ** * NS 

Graft 
(G) 

*** *** *** *** *** *** *** *** 
 

NS NS * * NS NS NS NS 

N×G NS NS NS NS NS NS NS NS  NS NS NS NS NS NS NS NS 
NS,*,**,*** Non-significant or significant at the P ≤ 0.05, 0.01, 0.001 level, respectively. 
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Table 6-2.  Effects of nitrogen fertilization and grafting on leaf area index (LAI), 
aboveground biomass,  N accumulation, and nitrogen uptake efficiency (NUE) 
of tomato plants during the 2010 and 2011 field trials at Live Oak, FL. 

 
Treatment 

LAI 
(m

2
 m

-2
) 

Aboveground
z
 

biomass (Mg ha
-1

) 
N accumulation

y
  

(kg ha
-1

) 
NUE  
(%) 

 2010 

Nitrogen 
(kg ha

-1
) 

    

     56 0.74 c 0.90 d 20.97 e 37.34 a 

     112 1.84 b 1.36 c 31.95 d 28.53 bc 

     168 2.48 b 2.04 b 48.53 c 28.88 bc 

     224 3.75 a 2.60 a 67.48 b 30.12 b 

     280 3.84 a 2.81 a 70.18 ab 25.06 cb 

     336 4.28 a 2.86 a 77.52 a 23.07 c 

Graft
x
     

      FL/BE 3.07 a 2.19 a 55.24 a 30.21 a 

      FL/MU 3.09 a 2.21 a 56.59 a 31.12 a 

      FL 2.31 b 1.89 b 46.48 b 25.17 b 

 2011 

Nitrogen 
(kg ha

-1
) 

    

     56 0.44 d 0.61 c 13.35 d 23.85 bc 

     112 1.83 c 1.79 b 40.75 c 36.38 a 

     168 2.75 bc 2.25 ab 51.93 bc 30.91 ab 

     224 3.46 ab 2.18 ab 50.05 bc 22.34 bc 

     280 4.13 a 2.61 a 64.06 ab 22.34 bc 

     336 4.22 a 2.83 a 69.79 a 20.77 c 

Graft     

      FL/BE 2.96 a 2.05 a 48.55 b 25.90 b 

      FL/MU 3.18 a 2.36 a 56.76 a 30.60 a 

      FL 2.27 b 1.73 b 39.65 c 22.06 b 

zShoot and fruit were included in determination of total aboveground biomass. 
yA total of N accumulation in shoot and fruit. 
xFL/BE: ‘Florida 47’ grafted onto ‘Beaufort’; FL/MU: ‘Florida 47’ grafted onto ‘Multifort’; 
FL: non-grafted ‘Florida 47’. 
Means within a column followed by the same letters do not differ significantly at P≤0.05 
according to Tukey’s test. 
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Table 6-3.  Effects of nitrogen fertilization rate and grafting on tissue nitrogen 
concentrations of tomato plants during the 2010 and 2011 field trials at Live 
Oak, FL. 

 
Nitrogen concentration 

(mg N g
-1

 DW) 

Treatment Leaves Petiole Stem Fruit 

                              2010 

Nitrogen     

     56 24.35 c 19.78  16.96 b 26.05 c 

     112 28.43 bc 18.46  17.89 ab 26.15 c 

     168 28.52 bc 18.08  16.68 b 27.76 ab 

     224 32.55 ab 20.51  18.44 ab 27.87 ab 

     280 31.75 ab 17.98  19.56 a 26.46 bc 

     336 33.97 a 22.53  20.16 a 28.04 a 

Graft
z
     

      FL/BE 30.87  17.82 b 18.46  27.01  

      FL/MU 30.74  21.39 a 19.11  26.96  

       FL 28.18  19.46 a 17.27  27.23  

                            2011 

Nitrogen     

     56 27.75 b 12.90  12.62 c 23.60  

     112 29.40 ab 13.58  13.19 bc 24.24  

     168 31.40 ab 13.66  13.99 bc 23.72  

     224 32.77 ab 14.18  13.75 bc 23.54  

     280 32.73 ab 14.36  14.70 ab 25.10  

     336 34.46 a 14.03  16.20 a 24.66  

Graft     

      FL/BE 32.03  13.60 a 14.17  23.92  

      FL/MU 32.22  14.37 a 13.98  24.31  

       FL 30.01  13.38 a 14.07  24.20  
zFL/BE: ‘Florida 47’ grafted onto ‘Beaufort’; FL/MU: ‘Florida 47’ grafted onto ‘Multifort’; 
FL: non-grafted ‘Florida 47’. 
Means within a column followed by the same letters do not differ significantly at P ≤0.05 
according to Tukey’s test. 
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Table 6-4.  Analysis of variance of the effects of nitrogen rate, grafting, root sampling 
position, and soil depth on root length density (RLD) and root surface area 
density (RSAD) of tomato plants during the 2010 and 2011 field trials at Live 
Oak, FL. 

Effect 
P value for RLD P value for RSAD 

2010 2011 2010 2011 

Main Effects     
    Nitrogen (N) 0.0099 0.0002 0.0769 0.7805 

    Graft (G) <.0001 0.0005 0.0019 0.0041 

    Position (P) <.0001 <.0001 <.0001 <.0001 

    Depth (D) <.0001 <.0001 <.0001 <.0001 

Two-way interactions     
    N×G 0.0245 0.3585 0.3741 0.5451 

    N×P 0.9854 0.9095 0.5563 0.1322 

    N×D 0.1891 0.0356 0.1278 0.9819 

    G×P 0.2044 0.7806 0.6000 0.6032 

    G×D 0.0137 0.0354 0.1052 0.1146 

    P×D <.0001 <.0001 <.0001 <.0001 

Three-way interactions     
    N×G×P 0.3037 0.7786 0.8144 0.1744 

    N×G×D 0.2721 0.4462 0.4347 0.4052 

    N×P×D 0.9101 0.7442 0.9749 0.5269 

    G×P×D 0.7328 0.6129 0.5892 0.7672 

Four-way interaction     
    N×G×P×D 0.6686 0.9089 0.9068 0.5348 
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Table 6-5.  Root length density interaction effects between N rates and graft in 2010; 
and N rates and soil depth in 2011during the field trials at Live Oak, FL.  

N rates 
(kg ha

-1
) 

Graft  Soil depth (cm) 

FL/BE FL/MU FL 0-15 15-30 30-60 60-90 

112 0.43 Ab 0.48 Ab 0.40 Aa  0.99 Ab 0.41 Ba 0.14 Ca 0.11 Ca 

224 0.57 Ab 0.60 Ab 0.37 Ba  1.81 Aa 0.65 Ba 0.20 Ca 0.15 Ca 

336 0.65 Aa 0.79 Aa 0.33 Ba  1.43 Aab 0.49 Ba 0.15 Ca 0.13 Ca 
zFL/BE: ‘Florida 47’ grafted onto ‘Beaufort’; FL/MU: ‘Florida 47’ grafted onto ‘Multifort’; 
FL: non-grafted ‘Florida 47’. 
Means within a row followed by the same uppercase letters and means within a column 
followed by the same lowercase letters do not differ significantly at P≤0.05 according to 
Tukey’s test.  
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Table 6-6.  Root length density interaction effects between grafting and soil depth; and 

sampling position and soil depth during the 2010 and 2011 field trials at Live 
Oak, FL.  

 Root length density 
(cm cm

-3
) 

  Graft
z
   Position

y
 

Soil depth     
    (cm) 

FL/BE FL/MU FL 
 

P1 P2 

   2010    

0-15 1.40 Aa 1.56 Aa 0.85 Ba 
 

1.70 Aa 0.82 Ba 

15-30 0.47 Ab 0.52 Ab 0.37 Ab 
 

0.60 Ab 0.33 Bb 

30-60 0.19 Ac 0.27 Ac 0.16 Ac 
 

0.28 Ac 0.15 Bc 

60-90 0.13 Ac 0.15 Ad 0.08 Bc 
 

0.15 Ac 0.09 Bc 

   2011 
 

  

0-15 1.58 Aa 1.66 Aa 0.99 Ba 
 

1.92 Aa 0.90 Ba 

15-30 0.54 Ab 0.62 Ab 0.38 Ab 
 

0.65 Ab 0.38 Bb 

30-60 0.17 ABc 0.21 Ac 0.11 Bc 
 

0.20 Ac 0.12 Bc 

60-90 0.12 Ac 0.15 Ac 0.12 Ac 
 

0.15 Ac 0.11 Ac 

zFL/BE: ‘Florida 47’ grafted onto ‘Beaufort’; FL/MU: ‘Florida 47’ grafted onto ‘Multifort’; 
FL: non-grafted ‘Florida 47’. 
yP1: at the plant base; P2: at 15 cm distance from the tomato plant. 
Means within a row followed by the same uppercase letters and means within a column 
followed by the same lowercase letters do not differ significantly at P≤0.05 according to 
Tukey’s test.  
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CHAPTER 7 
ESTIMATING NITROGEN FERTILIZATION REQUIREMENT FOR GRAFTED 

TOMATO GROWN IN THE FIELD 

Introduction 

Use of vigorous, interspecific, hybrid rootstocks has shown great potential for 

enhancing growth and fruit yields and improving water and nitrogen management in 

production of several solanaceous vegetables and cucurbits (Colla et al., 2010; Di Gioia 

et al., 2010; Lee and Oda, 2003; Leonardi and Giuffrida, 2006). As a result for example, 

due to increased nitrogen use efficiency (NUE) or greater yields at comparable nitrogen 

(N) inputs, previous studies suggested up to 33-50% reduction in fertilizer inputs for 

grafted watermelon production in contrast to the standard recommendation for non-

grafted plants, (Colla et al., 2011; Lee and Oda, 2003). Similar enhanced NUE have 

also been reported on grafted tomato plants with vigorous rootstocks (Leonardi and 

Giuffrida, 2006). However, although several studies were conducted on yield responses 

to fertilizer application and particularly N rates in non-grafted tomato production, few 

studies have attempted to estimate the N requirement for maximizing the fruit yield of 

grafted tomatoes under field conditions. Moreover, given the increasing interest in using 

grafted plants in field tomato production and the possibility of incorporating grafting into 

vegetable best management practices (BMP) programs, research is needed to 

determine the N fertilization requirement for grafted tomato under specific production 

conditions. 

Nitrogen is vital for plant growth and development. It is generally the nutrient 

applied most frequently in higher amounts than any other nutrient. This is particularly 

true for crops of high economic importance such as tomatoes grown in a commercial 

production system, where maximizing yield and profit are the primary goals. In these 
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high-value systems, growers rely on intensive management with more than 

recommended inputs of fertilizers and irrigation water, especially in growing regions 

characterized by sandy soils with low intrinsic water and nutrient retention capacities. 

Given the dynamic and mobile nature of N in the soil profile, N in excess of that used by 

the crop may lead to nitrate leaching and loss to surface and ground waters, which 

represents a serious environmental concern (Obreza and Sartain, 2010; Poh et al., 

2011; Simonne et al., 2004; Simonne et al., 2006; Zotarelli et al., 2009a). 

To account for both economic and environmental costs inherent to applied N 

fertilization in production systems, management practices that are more efficient in 

fertilizer and irrigation water use are often developed and provided to growers around 

the world. A key pillar of these recommendation packages is the development of the 

optimum N application rate, i.e., a minimum amount of N required to maximize the 

marketable fruit yield of a given crop in a given environment. For example, the 

recommended optimum N-fertilizer application rate for commercial tomato production in 

sandy soils in Florida is 224 kg ha-1 (Olson et al., 2010). However, it is common for 

growers to use much higher rates to compensate for the risk of yield reductions under 

deleterious growing conditions (Cantliffe et al., 2006; Scholberg et al., 2000).  

Optimal N rate recommendations are traditionally derived from field or greenhouse 

trials in which crop yield response to increasing N rates is measured. A number of 

mathematical models exist for estimating the optimum N rate. Tageldin and El-Gizawy 

(2005) summarized the most commonly used models, including: the linear, splined 

linear-plateau, quadratic and splined quadratic-plateau, square root, and exponential. 

Specifically, comparing five of these different models, Cerrato and Blackmer (1990) 
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found that all models fit the data equally well based on the coefficient of determination 

(R2) statistic, but concluded that the quadratic-plateau was the best to describe corn 

yield response to N rates based on the residuals of each model. Furthermore, Willcutts 

et al. (1998) used the logistic, linear-plateau, and quadratic models and found that the 

logistic model best described the lettuce yield response to the applied N. Anderson and 

Nelson (1975) noted that the optimum N rate estimation often varies with the models 

used. Although commonly used for describing crop response to N rates, quadratic 

models tend to overestimate the response if the maximum point on the curve is taken as 

the best fertilization rate (Ozores-Hampton et al., 2012; Willcutts et al., 1998). 

Often times, the optimum N rate is determined as a point estimate based on the 

best fit model without accounting for the statistical uncertainty associated with 

estimating the parameters in the model. Hernandez and Mulla (2008) stressed the need 

for accounting for the variability which in general results from factors such as annual 

climate differences as well as within-field soil differences. They pointed out that 

confidence intervals (CI) of the estimated optimum N rate should be evaluated and 

examined before making final N recommendations. 

A number of methods are available for the determination of CI associated with the 

estimated optimum N rates. Hernandez and Mulla (2008) reviewed four different 

methods for estimating CI assuming a quadratic response model. In that case, Wald-

type CIs tended to overestimate the lower bound and underestimate the upper bound of 

the optimum rate as compared to profile-likelihood based CIs. In addition, they found 

that bootstrap methods present greater potential in quantifying uncertainty in optimum N 

rates. More recently, Jaynes (2011) used a parameter bootstrap approach to determine 
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the expectation, confidence bands, and cumulative probability distributions for the 

economic optimum nitrogen rate (EONR) using different models. The author concluded 

that when optimum N rates are estimated from yield data, both point estimates and a 

measure of its statistical reliability should always be reported. 

The objectives of this study were thus to: 1) compare the goodness of fit of five 

different models for marketable tomato fruit yield as a function of N rate, 2) estimate the 

optimum rate of N fertilizer and corresponding maximum marketable fruit yield in field 

production of grafted tomato for sandy soils in Florida, and 3) assess the uncertainty 

associated with the estimated optimum N rates. 

Material and Methods 

Field Experiment  

The field studies of grafted and non-grafted tomato production were carried out at 

the Suwannee Valley Agricultural Extension Center in Live Oak, FL (30.17° N, 82.59° 

W) during the spring seasons of 2010 and 2011. Details of the experimental set up were 

described in Chapter 5. Briefly, in both years, experimental plots were arranged in a 

split plot design with four blocks (replication). The main/whole plot treatments were 12 

combinations of two irrigation regimes and six N fertilization rates which were arranged 

in a randomized complete block. The two irrigation regimes included: 100% irrigation 

regime of University of Florida-Institute of Food and Agricultural Sciences (UF/IFAS) 

recommendation, i.e., 9354 L/ha/day/string, and 50% irrigation regime corresponding to 

a 50% reduction of the 100% irrigation regime. The six nitrogen rates were 56, 112, 

168, 224, 280, and 336 kg ha-1, with a preplant application at 56 kg ha-1. The subplot 

treatments included the determinate tomato ‘Florida 47’ grafted onto two different 

tomato rootstocks ‘Beaufort’ (FL/BE) and ‘Multifort’ (FL/MU) and the non-grafted ‘Florida 
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47’ (FL) used as a control, all randomized within each whole plot. Each experimental 

unit consisted of 12 plants. All treatments were re-randomized in 2011. Ammonium 

nitrate (34-0-0, Mayo Fertilizer Inc, Mayo, FL) was used as the nitrogen source. After 

pre-plant fertilization, the remaining N fertilizers were injected weekly through the drip 

tape based on the fertigation scheduling suggested by Olson et al. (2010). Potassium 

chloride (Dyna Flo 0-0-15, Chemical Dynamics Inc, Plant City, FL) was also applied to 

provide equal amount of K for each N rate treatment. Mature green tomatoes fruit were 

harvested from 10 plants in each experimental unit. Fruit were graded as extra-large, 

large, medium, and culls and the tomato fruits in each grade were counted and 

weighed. Marketable fruit yield (Mg ha-1), representing the total of extra-large, large, 

medium fruits was calculated. 

Marketable Yield Response Functions 

The marketable yield was modeled as a function of nitrogen rates. Historically, 

models that parametrically describe the expected yield (E(Y)) as a predetermined 

function of nitrogen (X) are used. In this study, five linear and non-linear models 

commonly cited in horticultural literature were considered including: (1) quadratic, (2) 

square root, (3) linear-plateau, (4) quadratic-plateau, and (5) exponential models 

(Cerrato and Blackmer, 1990; Willcutts et al., 1998). 
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where Y is the marketable fruit yield (Mg ha-1) and X is the rate of N application (kg 

ha-1); β1, β2, and β3 are constants obtained by fitting the model to the data; x0 is the 

critical rate of fertilization, which occurs at the intersection of the linear response and 

the plateau lines, and P is the plateau or maximum yield. 

The errors were assumed to be independent and identically distributed from a 

normal distribution with mean 0 and variance σ2. For each of the 6 combinations of 

irrigation (100% and 50% irrigation regimes) and grafting (FL/BE, FL/MU, and FL) 

treatments, each of the five models was fit to the data using (non-linear) least squares. 

The models were compared based on three measures commonly used in model 

selection including the coefficient of determination (R2), the Akaike information criterion 

(AIC), and the root mean squared error (RMSE). 

Proc NLIN of SAS (SAS Institute, Cary, NC) was used to fit the functions to the 

different trials data sets. 

Optimal Nitrogen Rate Determination 

Each of the five models was used to estimate the optimum N rate. Because each 

of the 5 models except the linear-plus-plateau model has 3 parameters, a total of 19 

parameters (18 mean parameters plus one variance parameter) would be needed if a 

separate curve with a common variance was assumed for each of the 6 combinations of 

irrigation and grafting. In the interest of parsimony, the significance of the additional 

parameters was tested using nested model F-tests (Rawlings et al., 1998). The full 

model has one curve for each combination of irrigation and grafting. Because the two 

if X< 0x  

if X  0x                                                                               (7-4) 
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grafted treatments (FL/BE and FL/MU) are different from the non-grafted treatment (FL), 

we dichotomized the grafting variable to be “grafted” or “non-grafted” and considered a 

reduced model with a separate curve for each of the now four combinations of irrigation 

and grafting. That is, we tested whether or not the two grafting treatments are different 

from each other at each irrigation regime. An F-test of the hypothesis below yielded an 

F-value of 0.97, 1.04, 1.00, 1.03, and 1.01 based on 6 and 126 numerator and 

denominator degrees of freedom, for the exponential, linear-plus-plateau, quadratic-

plus-plateau, quadratic, and square root model, respectively. As a result, we failed to 

reject the null hypothesis and then concluded that the two grafted treatments (FL/BE 

and FL/MU) could be pooled together as one “grafted” treatment. The reduced model 

was chosen as the final model for the relationship between total yield and nitrogen rate. 

Ho: 4 curves: One curve for each combination of irrigation and grafted/non-grafted 

Ha: 6 curves: One curve for each combination of irrigation and grafting 

Therefore, for example with the exponential model, the final model selected for the 

expected total marketable yield as function of irrigation, grafting, and nitrogen was as 

follows: 
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Thus, Y is assumed to be normally distributed with mean E(Y) and variance σ2. An 

analysis of the studentized residuals showed no violations of these assumptions. 

if irrigation = 50% and grafting = FL 

if irrigation = 50% and grafting ≠ FL 

if irrigation = 100% and grafting = FL 

if irrigation = 100% and grafting ≠ FL 
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Using these final models, optimal nitrogen fertilization rates were then estimated 

by setting the first derivative of each function except the linear-plus-plateau equal to 0 

and solving for X as follows. For the exponential model, the optimal value for each 

combination of irrigation and grafting is 

  4,3,2,1,)1log(
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where p is the pre-specified proportion of the asymptotic expected marketable 

yield (e.g., 0.95). 

For the quadratic model and the quadratic-plus-plateau model, the first derivative 

is: 
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As for the square root model, the first derivative is: 
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For the linear-plus-plateau model (Eq. [7-3] above), optimum rates of fertilization 

were represented by the intersection between the linear response line and the plateau 

line. 

Finally, because the regression parameters are unknown, estimated values 

obtained using SAS’s NLIN procedure were used to obtain point estimates of the 

optimal nitrogen. 
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Estimation of Uncertainty around Optimum N Rate of Fertilizer 

Estimating the regression parameters introduces a level of uncertainty that should 

be accounted for when reporting the optimal nitrogen. We considered two methods to 

account for this uncertainty: a delta method approach, and a bootstrap approach.  

Because the optimal nitrogen values are functions of the regression parameters, 

the multivariate delta method can be used to obtain 95% confidence intervals for the 

optimal values. Although the method accounts for the parameter uncertainty, the results 

are based on the asymptotic normality of the parameter estimates. However, the normal 

approximations tend to perform poorly when the model is highly nonlinear in its 

parameters (Hougaard, 1985). In particular, the distributions tend to be asymmetric 

(Jaynes, 2011). Although others have proposed profile likelihood based confidence 

intervals to account for this asymmetry when estimating the uncertainty in optimal 

nitrogen rates (Hernandez and Mulla, 2008), such methods require re-parameterizing 

the model with a parameter equal to the optimal nitrogen rate. Due to the complex 

nature of our optimal nitrogen rates, we instead considered a bootstrap method to 

obtain uncertainty estimates (Efron and Tibshirani, 1986; Hernandez and Mulla, 2008). 

We used a residual re-sampling algorithm to generate 2000 bootstrap samples 

(Efron and Tibshirani, 1986; Fox, 2008). First, the parameters were estimated using 

SAS’s NLIN procedure. Then, the fitted values, 
i

Ŷ  and the residuals, 
i

r̂ , were obtained 

for i=1,…,144. To create a bootstrap sample, a randomly selected residual is added to 

each fitted value and the regression is carried out using the synthetic response variable. 

That is, for each i, randomly select j, the synthetic response is defined as  

   
jii
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The regression parameters were then estimated using the 
*

i
Y  as the response 

variable for calculation of the optimal nitrogen values. The median, 2.5 and 97.5 

percentiles were reported. It should be noted that the algorithm used to estimate the 

parameters converged in 1995 of the 2000 bootstrap samples for the 2010 dataset and 

1977 of the 2000 bootstrap samples for the 2011 dataset. 

Results 

Tomato Marketable Fruit Yield Model 

Overall, all five models fit the marketable fruit yield to N rates quite well in 2010 

within the same combination of irrigation and grafting types (Figure 7-1). However, in 

2011, there was no variation in expected yield for N values greater than 56 under the 

50% irrigation regime. As a result, none of the models considered here could accurately 

describe the yield response curve. Hence, for 2011 we only used the data under the 

100% irrigation regime. Across different combinations of irrigation and grafting types, R2 

values ranged from 0.71 with the exponential or square root function to 0.86 with the 

linear-plateau function in the 2010 season (Table 7-1). In contrast, in the 2011 season, 

these values ranged from 0.77 with the linear-plateau to 0.90-0.91 with the exponential 

and square-root functions under the 100% irrigation regime (Table 7-2). However, within 

the same combination of irrigation and grafting type, there is little difference in R2 values 

of these five models. Similarly, when the evaluation of the goodness of fit of the five 

models was based on the AIC values, it also appeared that the linear-plateau function 

presented the lowest values of AIC across the irrigation regimes and grafting types in 

2010. More specifically, in the 2010 experiment, AIC values ranged from 172 for the 

linear-plateau or square root function to 191 for the quadratic-plateau or exponential 
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model. In contrast in 2011, these values ranged from 164 to 188 for the square root or 

exponential model and the linear-plateau model, respectively. This inconsistent pattern 

among the models was also observed for the RMSE values. The linear-plateau function 

had the lowest model-fit residuals, i.e., the lowest RMSE value of 7.0, as compared to 

the exponential function with RMSE value of 10.3 across different combinations of 

irrigation and grafting treatments in 2010, whereas the opposite was observed in 2011. 

In essence, over these two seasons, one single model could not just be selected as the 

best fit model for the expected total marketable yield as a function of nitrogen 

application rate within each irrigation regime. Although all models performed relatively 

well, the linear-plateau model in 2010 and the exponential model in 2011 outperformed 

all other models according to R2, AIC, and RMSE across all treatment combinations. 

Optimal Nitrogen Rate and Confidence Intervals 

Within the same combination of irrigation regime and grafting, estimated optimal N 

fertilization rates varied considerably with the type of model used (Table 7-3). In the 

2010 experiment, with the exponential function and assuming 95% of the asymptote, 

the optimal N fertilization rates (minimum N rates to achieve maximum yields) were 207 

and 294 kg N ha-1 for the non-grafted and grafted plants, respectively, under the 50% 

irrigation regime. With the 100% irrigation regime in 2010, these estimates N rates were 

236 and 307 kg N ha-1 for the non-grafted and grafted treatments, respectively. In 

contrast, the linear-plateau model which presented the best goodness of fit among the 

five models in 2010 resulted in the lowest estimated optimum N rates relative to those of 

the exponential model. With the linear-plateau model, optimum N rates needed to 

maximize the marketable fruit yields under the 50% irrigation in 2010 season were 161 

and 216 kg N ha-1 for non-grafted and grafted plants, respectively. Similarly, the 
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quadratic-plateau also led to slightly lower optimum rates relative to the exponential 

model. Of all these five models evaluated, the square root model and with few exception 

the quadratic model resulted in the highest optimum N rates, irrespective to irrigation 

and grafting combinations. Specifically, under the 100% irrigation regime in 2010, these 

estimated optimum N rates using the square root model were 276 and 325 kg N ha-1 for 

the non-grafted and grafted treatments, respectively (Table 7-3). In comparison with the 

optimum N rates obtained by using the linear-plateau model, under the 50% irrigation 

regime for example, the square root model in 2010 overpredicted the optimal N 

fertilization rates for grafted and non-grafted plants by 115 and 112 kg N ha-1 

respectively. These differences between optimum N rates of the quadratic model and 

the linear-plateau were 71 and 110 kg N ha-1 for grafted and non-grafted plants, 

respectively. Furthermore, similar considerable differences in the optimum N rates 

predicted by these models were also observed in the 2011 data. The quadratic and the 

square root models led to the highest estimated optimum N rates whereas the 

quadratic-plateau and the linear-plateau resulted in the lowest rates. The differences in 

estimated N rates between models were 97 and 102 kg N ha-1 for the non-grafted and 

grafted plants, respectively. Over the two seasons, these differences in the performance 

of each model to predict the estimated optimum N rates were further illustrated in the 

figure 7- 2. Overall, the estimated N rates predicted in 2011 by each of the models were 

consistently lower than those in 2010. Moreover, over these two seasons, estimated 

optimum N rates needed to maximize marketable fruit yields of grafted plants were 

consistently higher than those of the non-grafted plants. In addition, the level of 

differences in optimum N rates between grafted and non-grafted plants varied with the 



 

174 
 

type of models considered. For example, under the 100% irrigation regime in 2010, 

optimum N rates to maximize yields of grafted plants were consistently higher than 

those of the non-grafted plants by 30, 8, 25, 5, and 18% with the exponential, linear-

plateau, quadratic-plateau, quadratic, and square root model, respectively. 

Furthermore, there were also great differences among the five models evaluated 

in terms of the confidence interval associated with the estimated optimum N rates 

irrespective of the method of confidence intervals estimation used in both seasons 

(Table 7-3). Overall, in 2010, the linear-plateau function with the best goodness of fit 

yielded the smallest confidence bands among the five models. In contrast, the square 

root or the exponential model led to the largest confidence band around their respective 

estimated optimum N rates. Moreover, although the point estimates based on the 

bootstrap and delta methods were nearly identical for the same combination of irrigation 

and grafting, estimates of the uncertainty associated with these optimum N rates were 

quite different. For example, in 2010, with the 95% asymptote method to estimate the 

optimal nitrogen for grafted plants under the 100% irrigation regime using the 

exponential model, the confidence intervals of the point estimate (307 kg N ha-1) were 

[214 kg N ha-1, 512 kg N ha-1] and [176 kg N ha-1, 438 kg N ha-1] for the bootstrap and 

delta methods, respectively. With the linear-plateau model, these confidence intervals 

for the same treatment combination were only [170 kg N ha-1, 214 kg N ha-1] and [163 

kg N ha-1, 212 kg N ha-1] for the bootstrap and delta methods, respectively (Table 7-3). 

In this case, the confidence interval based on the delta method was symmetric with 

lower and upper limits given by a shift of approximately 25 units to the left and right of 

the point estimate. For the bootstrap method, however, the confidence interval was 
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asymmetric with about 19 units to the left of the point estimate and 25 units to the right 

of the point estimate. A similar trend was consistently observed with all the confidence 

intervals associated with the estimated optimum N rates despite the model used. These 

results illustrated how the delta method produces confidence intervals that are 

symmetric around the estimate point whereas the bootstrap method produces 

asymmetric confidence intervals. Such asymmetry is expected in nonlinear models and 

this asymmetry cannot be accounted for using the Wald-type confidence intervals based 

on the delta method. 

Maximum Attainable Yields Predicted by Each Model and Confidence Bands 

The relatively higher optimal N fertilization rates for the grafted plants also 

corresponded to higher maximum attainable yields for the grafted plants compared with 

the non-grafted plants, irrespective of the irrigation regime and type of model used 

(Table 7-4). Specifically, in the 2010 season with the exponential model, the maximum 

fruit yields were 61 Mg ha-1 under the 100% irrigation regime and 71 Mg ha-1 under the 

50% irrigation regime with the grafted plants, whereas these values were 45 and 52 Mg 

ha-1 with the non-grafted plants. Similar differences in estimated yields of grafted and 

non-grafted were also shown with other models and in the 2011 season as well. 

However, within the same combination of grafting type and irrigation regime, the 

magnitude of the differences in the estimated maximum yields among the five models 

seemed narrow. For example, under the 50% irrigation regime in 2010, the differences 

between the highest and the lowest estimated maximum yields were 3.25 Mg ha-1 and 

3.95 Mg ha-1 for the non-grafted and grafted plants, respectively. In 2011, under the 

100% irrigation regime, these differences were 4.52 Mg ha-1 and 2.71 Mg ha-1 for the 

non-grafted and grafted plants. In general, the quadratic response model and to some 
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extent, the exponential model consistently predicted higher maximum fruit yield than did 

the linear-plateau or the quadratic-plateau model. 

Similar to the estimated optimum N rate results, the bootstrap method led to an 

asymmetric confidence band around the estimated maximum marketable yields 

whereas the confidence intervals using delta method were almost symmetrical around 

the estimated yields. Specifically, in the 2010 experiment, on average, the delta method 

was symmetric with lower and upper limits given by a shift of about 4.6 units to the left 

and right of the point estimate. For the bootstrap method, however, the confidence 

interval was asymmetric with 4.1 units to the left of the point estimate and 6.0 units to 

the right of the point estimate. 

Discussion 

Fruit yield responses to increasing N fertilization application rates can be 

described by a wide range of mathematical functions (Wood, 1980). Examination of the 

goodness of fit of the relationships between tomato marketable fruit yields and N rates 

in this study revealed discrepancies among the five models considered over the two 

seasons. The disparities with respect to the ability of various models to describe yield 

responses to N application rates have been noted previously (Anderson and Nelson, 

1975; Cerrato and Blackmer, 1990; Ozores-Hampton et al., 2012). Using R2, AIC, and 

RMSE as model selection criteria, our results suggest that the linear-plateau had the 

best fit out of the five models considered in 2010 whereas the exponential or square-

root function performed better than the other models in 2011. This indicated that the 

expected marketable yield exhibits an apparent plateau and does not change 

significantly for any further increase in the N rate once the maximum attainable yield is 

reached. In other words, there is no significant evidence that suggests a decrease in 
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fruit yields for higher N rates used in this study. This concurs with the findings of 

Neeteson and Wadman (1987) on sugar beet and potato, Cerrato and Blackmer (1990) 

and Bullock and Bullock (1994) on corn, and Harris et al. (1992) on potato. 

Use of each of these five models resulted in considerable differences in the 

estimated optimum N fertilization rates. Over the two seasons and irrespective of the 

grafting types and irrigation regimes, the quadratic and the square root response 

models tended to predict the highest optimum N rates whereas the linear-plateau 

almost always yielded the lowest optimum N rates. Such differences in N rate studies 

have been reported previously (Bullock and Bullock, 1994; Cerrato and Blackmer, 1990; 

Jaynes, 2011; Neeteson and Wadman, 1987). Specifically, Bachmaier and Gandorfer 

(2012) showed that the quadratic model resulted in much higher estimates of the 

optimum N rates than the linear-plateau model. Moreover, the authors stressed that 

although the quadratic model is characterized by symmetry around the maximum yield, 

there is nothing intrinsically symmetric about yield response, especially in the field 

conditions with considerable local heterogeneity. 

Estimates of optimum N rates using fitted yield response curves should always be 

accompanied by a measure of statistical uncertainty associated with the estimate. 

Uncertainty estimates provide additional information necessary to derive more accurate 

N fertilizer recommendations for growers. As discussed by Babcock (1992), several 

factors may lead to uncertainty in optimal nitrogen rates, including measurement errors, 

spatial heterogeneity within the experimental site, and both inter and intra-annual 

temporal variations of important environmental factors such as temperature and rainfall. 

Recently, the importance of uncertainty estimation has been emphasized in the 
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literature (Hernandez and Mulla, 2008). In our study, the delta method and a bootstrap 

method were used to estimate confidence intervals of estimated optimum N rates of the 

different models. Because the delta method is based on asymptotic normal 

approximations, the resulting uncertainty estimates were symmetric around the point 

estimate. However, because of the nonlinearity of the models used, asymptotic 

normality of parameter estimates typically does not hold true. In contrast, the bootstrap 

method used to obtain uncertainty estimations produce asymmetric confidence 

intervals. It has been shown that the traditional Wald-type confidence intervals that 

assume asymptotic normality of parameter estimates, such as those estimated using 

the delta-method, are not appropriate for estimating confidence intervals for nonlinear 

models (Cook and Weisberg, 1990; Hernandez and Mulla, 2008). In the context of 

estimating optimum N rates, the Wald-type confidence intervals tend to produce narrow 

confidence bands by overestimating the lower bound and underestimating the upper 

bound (Hernandez and Mulla, 2008). In addition, the high level of uncertainty in the 

estimation of optimum N rates is reflected in the magnitude of the length of the 

confidence intervals. In our study, the length of the confidence intervals with the 

bootstrap method ranged from 44 to 360 kg N ha-1 with the smallest length by the linear-

plateau model and the highest value by the square root model. With the delta method, 

these lengths ranged from 49 for the linear-plateau to 271 kg N ha-1 for the exponential 

model. Confidence intervals around optimum N rates of similar wide lengths with the 

bootstrap methods were also previously reported (Bachmaier and Gandorfer, 2012), 

suggesting the difficulty and care that should be taken in formulating N input 

recommendations to growers based on optimum N rate studies. Confidence intervals for 
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optimum N fertilization rates are wide when differences among replications are large 

and/or the curves are flat and do not sink significantly beyond the maximum yield 

(Neeteson and Wadman, 1987). The magnitude of the length of the confidence intervals 

around the estimated N rates could also provide some level of evidence in the ability of 

the different models to accurately predict the optimum N rate needed to maximize the 

marketable yields (Jaynes, 2011). In this study, in 2010, confidence intervals around the 

estimated N rates by the linear-plateau and the quadratic-plateau were overall within the 

range of the N fertilization rates tested (56 to 336 kg N ha-1), indicating that these 

optima can be used for developing somewhat more realistic N fertilization 

recommendations. In contrast, the opposite was true for the confidence intervals around 

the estimated optimum N rates of the quadratic, square root, and sometimes the 

exponential models, with the high endpoints of the confidence bands out of the range of 

the tested N rates, irrespective of the irrigation regimes. Similar results were also 

observed with the 2011 data. When the lengths of these confidence bands were closely 

examined and the confidence bands out of the ranges of tested N rates were removed, 

we can suggest that over the two seasons, the recommended N rates could be 211 to 

240 kg N ha-1 for grafted plants vs.163 to 180 kg N ha-1 for non-grafted plants. Optimum 

N rates reported by Scholberg et al. (2000) using the quadratic function ranged from 

125 to 575 kg N ha-1 across various tomato production regions in Florida. More recently, 

with ‘Florida 47’ tomato grown under subsurface irrigation in South Florida, Ozores-

Hampton et al. (2012) estimated optimum N rates of 172 and 298 kg N ha-1 to maximize 

marketable yields using the quadratic plateau model. Corresponding maximum 

marketable yields estimated by these authors were 100 and 86.4 Mg ha-1, respectively. 
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In general, the five models in our study led to quite similar predicted maximum 

marketable yield under the same irrigation and grafting combination. This result 

provides further evidence that some of the models, especially the quadratic and the 

square root models led to an overestimation of the optimum N rates. In our study, 

maximum attainable marketable fruit yields ranged from 56 to 71 Mg ha-1 for the grafted 

plants and from 43 to 54 Mg ha-1 for the non-grafted plants, depending on the irrigation 

regime. These ranges of yield are comparable with the previous reports by Zotarelli et 

al. (2009b) and Poh et al. (2011) on tomato cultivar Florida 47 grown in North Florida. 

However, with the quadratic function, Scholberg et al. (2000) have also reported 

maximum total yield ranging from 59 to 100 Mg ha-1 for tomato production in Florida. In 

an updated review summarizing several decades of research on fertilization and tomato 

yield across Florida, Hochmuth and Hanlon (2011) concluded that a yield increase was 

rarely obtained with N rates above 224 kg ha-1.  

It is noteworthy that in our study, within the same combination of irrigation regime 

and grafting type, the optimum N rates estimated in 2011 were all slightly lower than the 

rates estimated in 2010. However, the corresponding maximum attainable fruit yields 

were in the same range across the two seasons. It is likely that tomato fruit yields were 

less responsive to increasing N fertilization application in 2011 as compared with the 

2010 spring season. In fact, the 2011 production season was drier than 2010 due the 

lower rainfall level; which may have led to less N leaching in 2011. The results 

demonstrated that yield responses to increasing N inputs may be season specific and 

could be greatly influenced by the environmental conditions during the production 

season. Similar inter-annual variations in tomato yield response to N fertilization as a 
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result of the change in environmental conditions were previously reported in Florida 

(Poh et al., 2011; Zotarelli et al., 2009b). 

The comparison between grafted and non-grafted tomato production indicated that 

grafted tomatoes grown in sandy soils with drip fertigation require greater level of 

minimum N rate to reach the maximum marketable fruit yield potential as compared to 

non-grafted plants despite the irrigation regime. However, this higher N rate also led to 

greater maximum yield relative to that of the non-grafted plants, implying the greater 

responsiveness of grafted plants to N rates. The increase in N application requirement 

of grafted tomato plants in contrast to the non-grafted plants may be due to the higher 

demand of photoassimilates which should be produced in order to sustain higher sink 

strength of the grafted plants relative to the non-grafted plants. In fact, grafted tomato 

plants have often been shown to significantly increase yield components such as 

number of fruit per plant and average fruit weights (Di Gioia et al., 2010; Leonardi and 

Giuffrida, 2006). In essence, the two vigorous interspecific tomato hybrid rootstocks 

used in this study significantly improved the yield potential of ‘Florida 47’, while the N 

requirement did not differ between the two grafted treatments. To our knowledge, this is 

the first study on the level of N fertilization requirement for grafted tomato production in 

the U.S. With the growing interest among tomato growers in using grafted transplants, 

more studies are warranted to determine the yield response of different scion-rootstock 

combinations to N application in order to provide recommendations for N fertilization 

program in grafted tomato production. 

Conclusions 

In this 2-year study with the goal to develop N fertilization requirements for grafted 

tomato production, linear-plateau, quadratic-plateau, and exponential models overall 
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performed better in terms of deriving optimum N rates in comparison to the quadratic 

and square root models. In general, estimated optimum N rates needed to maximize the 

marketable fruit yields were consistently higher with grafted plants as compared to the 

non-grafted plants, irrespective of the irrigation regimes. In order to more accurately 

formulate N fertilization recommendations, the uncertainty associated with the estimated 

optimal nitrogen rates should always be estimated. The bootstrap method was shown to 

be more reliable than the delta method in estimating the uncertainty in this study. With 

the exception of the linear-plateau model, the relatively wide confidence intervals 

estimated reflected the lack of understanding of all the factors that may have influenced 

optimum N rates. Considering the N rate estimations and associated confidence 

intervals using different models, the recommended N rates could be 211 to 240 kg N ha-

1 for grafted plants vs.163 to 180 kg N ha-1 for non-grafted plants. Further studies need 

to be conducted across various sites and seasons in order to more accurately derive 

optimum N recommendations with associated measures of uncertainty taking into 

consideration of the climatic and soil conditions. Moreover, future research is needed to 

determine the yield response of grafted plants to N application as affected by different 

scions and rootstocks in order to provide basis for N fertilization recommendations for 

field production of grafted tomatoes. 
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Table 7-1.  Model selection criterion for the 5 different types of models using the 2010 
data. 

Irrigationx Graftingy Typez 
R-

Squared 
AIC 

Root-
MSE 

50 FL EXP 0.775 178.074 7.866 

50 FL LIPL 0.788 176.677 7.641 

50 FL QUPL 0.786 178.911 7.868 

50 FL QUAD 0.728 182.645 8.652 

50 FL SQRT 0.763 179.331 8.075 

50 FL/BE EXP 0.753 180.865 8.337 

50 FL/BE LIPL 0.768 179.408 8.088 

50 FL/BE QUPL 0.766 181.595 8.320 

50 FL/BE QUAD 0.762 180.032 8.194 

50 FL/BE SQRT 0.759 180.294 8.239 

50 FL/MU EXP 0.854 178.921 8.006 

50 FL/MU LIPL 0.864 177.235 7.730 

50 FL/MU QUPL 0.858 180.187 8.080 

50 FL/MU QUAD 0.856 178.563 7.947 

50 FL/MU SQRT 0.854 178.873 7.999 

100 FL EXP 0.763 173.111 7.094 

100 FL LIPL 0.769 172.529 7.008 

100 FL QUPL 0.769 174.511 7.179 

100 FL QUAD 0.757 173.720 7.184 

100 FL SQRT 0.766 172.797 7.048 

100 FL/BE EXP 0.712 190.969 10.291 

100 FL/BE LIPL 0.736 188.852 9.847 

100 FL/BE QUPL 0.730 191.416 10.209 

100 FL/BE QUAD 0.737 188.716 9.819 

100 FL/BE SQRT 0.717 190.538 10.199 

100 FL/MU EXP 0.751 178.498 7.936 

100 FL/MU LIPL 0.782 175.271 7.420 

100 FL/MU QUPL 0.761 179.470 7.960 

100 FL/MU QUAD 0.757 177.861 7.832 

100 FL/MU SQRT 0.750 178.520 7.940 
zEXP: Exponential; LIPL: Linear Plateau; QUPL: Quadratic Plateau; 
SQRT: Square-Root; QUAD: Quadratic.  
yBE/FL: ‘Florida 47’ grafted onto ‘Beaufort’; MU/FL: ‘Florida 47’ grafted 
onto ‘Multifort’; FL: non-grafted ‘Florida 47’.  
xBoth the 50% and 100% irrigation regimes were considered in modeling.  
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Table 7-2.  Model selection criterion for the 5 different types of models using the 2011 
data.  

Irrigationx Graftingy Typez 
R 

Squared 
AIC 

Root-
MSE 

100 FL EXP 0.843 167.633 6.329 

100 FL LIPL 0.777 176.051 7.542 

100 FL QUPL 0.830 171.501 6.742 

100 FL QUAD 0.798 173.633 7.171 

100 FL SQRT 0.830 169.539 6.585 

100 FL/BE EXP 0.912 164.251 5.898 

100 FL/BE LIPL 0.888 169.974 6.645 

100 FL/BE QUPL 0.905 167.896 6.254 

100 FL/BE QUAD 0.903 166.537 6.186 

100 FL/BE SQRT 0.912 164.154 5.886 

100 FL/MU EXP 0.843 181.284 8.411 

100 FL/MU LIPL 0.790 188.263 9.727 

100 FL/MU QUPL 0.825 185.837 9.089 

100 FL/MU QUAD 0.836 182.282 8.587 

100 FL/MU SQRT 0.847 180.661 8.302 
zEXP: Exponential; LIPL: Linear Plateau; QUPL: Quadratic Plateau; 
SQRT:    Square-Root; QUAD: Quadratic.  
yBE/FL: ‘Florida 47’ grafted onto ‘Beaufort’; MU/FL: ‘Florida 47’ grafted 
onto ‘Multifort’; FL: non-grafted ‘Florida 47’.  
xOnly the 100% irrigation regime was considered in modeling.  
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Table 7-3.  Estimated optimum nitrogen rates and associated uncertainty bounds with 
the exponential function in the 2010 and 2011 experiments. 

Irrigation 
(%) 

Grafting Model 
Nopt 

(kg ha
-1

) 

Bootstrap  Wald 

Lower Upper Lower Upper 

2010 

50 Non-grafted EXP 207.39 129.07 363.20  108.84 308.48 

50 Non-grafted LIPL 160.77 130.13 195.11  112.51 188.56 

50 Non-grafted QUPL 203.74 148.52 291.77  138.83 266.27 

50 Non-grafted QUAD 270.54 239.31 348.37  226.06 313.66 

50 Non-grafted SQRT 273.37 225.93 467.71  194.83 350.18 

50 Grafted EXP 294.32 213.74 456.13  186.04 401.71 

50 Grafted LIPL 215.74 190.45 244.85  183.30 249.45 

50 Grafted QUPL 265.62 217.60 327.43  212.93 319.68 

50 Grafted QUAD 286.69 260.42 335.67  250.79 322.32 

50 Grafted SQRT 330.51 266.28 526.74  229.33 431.87 

100 Non-grafted EXP 236.11 135.90 484.14  99.60 370.75 

100 Non-grafted LIPL 174.14 133.27 213.24  139.34 203.20 

100 Non-grafted QUPL 215.89 150.49 321.99  138.83 293.23 

100 Non-grafted QUAD 266.57 235.90 348.77  220.90 311.33 

100 Non-grafted SQRT 276.31 220.60 580.18  183.15 367.01 

100 Grafted EXP 307.27 213.98 512.36  175.93 438.46 

100 Grafted LIPL 189.07 170.33 214.23  163.46 212.49 

100 Grafted QUPL 270.74 216.11 345.16  209.27 330.88 

100 Grafted QUAD 280.07 254.82 330.26  244.68 316.32 

100 Grafted SQRT 325.23 258.92 584.28  217.57 431.36 

2011 

100 Non-grafted EXP 185.93 125.27 275.57  113.57 256.95 

100 Non-grafted LIPL 173.41 134.83 207.55  141.92 198.22 

100 Non-grafted QUPL 164.99 130.19 224.16  120.09 211.17 

100 Non-grafted QUAD 262.31 238.40 315.44  229.82 295.53 

100 Non-grafted SQRT 261.72 224.52 361.26  207.51 317.28 

100 Grafted EXP 242.58 197.16 312.26  186.95 298.97 

100 Grafted LIPL 189.74 173.57 214.64  169.78 210.29 

100 Grafted QUPL 249.65 215.58 289.11  209.42 289.07 

100 Grafted QUAD 273.79 255.56 300.52  251.86 295.59 

100 Grafted SQRT 291.36 258.17 354.45  245.31 336.84 
zBoth the 50% and 100% irrigation regimes were considered. 
yOnly the 100% irrigation regime was considered.  

 
For the delta method, the lower and upper bounds correspond to 95% confidence 

intervals calculated using the delta method. For the bootstrap method, the point estimate is the 
median value obtained from the bootstrap samples. The lower and upper values for the 
bootstrap method correspond to the lower 2.5 and upper 2.5% of the bootstrap samples. 
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Table 7-4.  Maximum attainable yield values with the exponential function with the 2010 
and 2011 experimental data. 

Irrigation 
(%) 

Grafting Model 
Ymax 

(Mg ha-1) 
Bootstrap 

 
Wald 

Lower Upper Lower Upper 

2010 
50 Non-grafted EXP 52.14 46.72 60.61  45.87 57.94 
50 Non-grafted LIPL 50.81 46.75 54.72  46.36 54.22 
50 Non-grafted QUPL 50.76 46.48 55.61  46.11 55.13 
50 Non-grafted QUAD 54.01 49.96 58.76  49.12 58.10 
50 Non-grafted SQRT 52.76 48.65 59.19  47.88 56.48 

50 Grafted EXP 70.96 65.61 81.00  63.71 77.90 
50 Grafted LIPL 67.50 64.30 71.01  64.25 70.66 
50 Grafted QUPL 67.01 63.37 70.94  63.13 70.72 
50 Grafted QUAD 68.54 65.38 72.06  65.11 71.62 
50 Grafted SQRT 68.07 64.37 76.24  63.03 72.42 
100 Non-grafted EXP 44.56 39.06 55.30  37.55 51.24 
100 Non-grafted LIPL 43.01 39.06 47.05  38.04 47.11 
100 Non-grafted QUPL 42.91 38.49 48.15  38.19 47.27 
100 Non-grafted QUAD 45.59 41.33 50.10  40.74 49.75 
100 Non-grafted SQRT 44.56 40.14 52.27  39.48 48.15 
100 Grafted EXP 61.16 55.50 72.22  53.47 68.49 

100 Grafted LIPL 56.40 53.39 59.42  53.13 59.54 
100 Grafted QUPL 57.32 53.76 61.45  53.42 61.05 
100 Grafted QUAD 58.51 55.45 61.88  55.14 61.53 

100 Grafted SQRT 57.88 54.24 66.94  53.14 61.99 
2011 

100 Non-grafted EXP 49.81 45.72 54.69  45.17 54.09 

100 Non-grafted LIPL 49.56 45.58 53.66  44.70 53.67 
100 Non-grafted QUPL 48.20 44.64 51.52  44.56 51.60 
100 Non-grafted QUAD 52.72 49.03 56.59  48.53 56.49 
100 Non-grafted SQRT 51.31 47.76 54.96  47.37 54.41 
100 Grafted EXP 70.73 66.70 75.51  66.36 74.90 
100 Grafted LIPL 68.60 65.60 71.83  65.44 71.78 
100 Grafted QUPL 68.87 65.95 72.24  65.63 72.09 
100 Grafted QUAD 71.31 68.50 74.06  68.44 74.02 
100 Grafted SQRT 69.66 67.05 72.52  66.66 72.24 
zBoth the 50% and 100% irrigation regimes were considered. 
yOnly the 100% irrigation regime was considered.  
For the Delta method, the lower and upper bounds correspond to 95% confidence 
intervals calculated using the standard error of the point estimates and assuming 
normality. For the bootstrap method, the point estimate is the median value obtained 
from the bootstrap samples. The lower and upper values for the bootstrap method 
correspond to the lower 2.5 and upper 2.5% of the bootstrap samples. 
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Figure 7-1.  Examples of model fits for the 2010 data including the model fits for grafted 
‘Florida 47’ with ‘Multifort’ (FL/MU) under the 50% irrigation regime, and the 
model fits for non-grafted ‘Florida 47’ (FL) under the 50% irrigation regime. 
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Embedded in each plot are the model selection criteria, coefficient of 
determination (R-Squared), root mean squared error (Root-MSE), and Akaike 
information criterion (AIC). 
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Figure 7-2.  Measured (dot) and fitted (lines) yields of non-grafted and grafted tomato 
plants grown under 50 and 100% irrigation regime with the five yield response 
models, including, exponential (EXP), linear-plateau (LP), quadratic-plateau 
(QP), quadratic (QUAD), and square root (SQRT)in 2010. (•) indicate the 
estimated optimum N rates (Nopt) values for each model.  
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CHAPTER 8 
FRUIT QUALITY OF FIELD GROWN TOMATO AS AFFECTED BY GRAFTING WITH 

INTERSPECIFIC ROOTSTOCKS 

Introduction 

Tomato (Solanum lycopersicum L.) is one of the major vegetable crops widely 

grown and consumed throughout the world for both processing and fresh consumption 

(Foolad, 2007). Tomatoes are rich sources of nutritional components with antioxidant 

activity such as carotenoids, particularly lycopene and β-carotene, and vitamin C and 

other phenolics compounds (Burri et al., 2009; Jones et al., 2003). These antioxidant 

compounds have been shown to provide protection against harmful free radicals and 

have been associated with reduced risk of some chronic diseases such as cancer and 

cardio-vascular diseases (Giovannucci, 2002). 

Tomato is susceptible to more than 200 diseases caused by pathogenic fungi, 

bacteria, viruses, or nematodes (Lukyanenko, 1991). In diverse production regions 

around the world, a wide range of biotic and abiotic stresses hinder the growth and 

development of this vegetable crop which may result in significant economic losses. In 

addition to breeding of resistant cultivars, integrated pest management practices have 

been developed among which grafting has been successfully used for controlling 

several soil-borne diseases and root-knot nematodes in tomato production especially 

under intensive cultivation (Lee et al., 2010; Rivard et al., 2010a). Disease resistant 

tomato hybrid rootstocks and interspecific tomato hybrid rootstocks have been 

developed over the years (King et al., 2010). 

In order to ensure successful marketing grafted tomatoes must have both 

enhanced marketable fruit yields and premium fruit quality. Previous studies on fruit 

quality of grafted tomatoes have yielded variable results depending on the scion-



 

 191 

rootstock combinations. In one study no significant differences in titratable acidity, 

soluble solids content was found between grafted and self-rooted tomato plants, (Khah 

et al., 2006) while in other studies grafting has been shown to increase lycopene, ß-

carotene, vitamin C, and antioxidant activity in tomato fruit (Davis et al., 2008a; Dorais 

et al., 2008; Fernandez-Garcia et al., 2004a). Furthermore melon plants grafted onto 

different Cucurbita spp. rootstocks showed a remarkable deterioration of taste and 

texture in some combinations (Traka-Mavrona et al., 2000). Overall, the influence of 

rootstocks on the quality attributes of grafted vegetables such as tomato and melon is 

still not conclusive and further studies are still needed. 

Fruit quality and nutritional quality attributes are complex issues and are affected 

by various biotic and abiotic factors such as cultivar, maturity level before harvest, 

production practices, and environmental conditions before and after harvest (Dorais et 

al., 2008; Foolad, 2007; Simonne et al., 2011) For example, an adequate supply of 

potassium enhances the titratable acidity of tomato fruit (Adams, 2002), while , an 

abundant level of nitrogen supply may reduce the sugar, (Parisi et al., 2004) and vitamin 

C contents, (Simonne et al., 2007) thereby, decreasing fruit quality. In grafted 

vegetables, as rootstock is shown to positively influence the nutrient and water status 

and other physiological processes, changes in some quality attributes may be expected 

as a result of grafting with specific rootstocks. It is suggested that on a hybrid rootstock-

scion plant, some of the quality attributes may be influenced by the rootstock as a result 

of the translocation of the metabolites inherent to the fruit quality to the scion through 

xylem and/or change in the physiological processes of the scion (Lee, 1994; Rouphael 

et al., 2010). According to Davis et al. (2008), grafting can result in changes in quality 
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and these changes may be due to not only the rootstocks but also the scion-rootstock 

interactions. As most of the interspecific hybrid rootstocks used are directly developed 

from wild species, incompatibility between the rootstock and scion sometime arise as an 

issue and can also lead to the decrease or deterioration of some of the quality attributes 

(Davis et al., 2008a; Rouphael et al., 2010). Moreover, as these rootstocks often tend to 

greatly increase plant vegetative growth and fruit yields (Di Gioia et al., 2010; Leonardi 

and Giuffrida, 2006), whether such a physiological change causes a decline of fruit 

quality needs to be well examined. With more new rootstocks becoming more available 

for grafted tomato production, there is a need for more comparative studies to better 

understand the fruit attributes of grafted tomato.  

The main objective of this study was to assess changes in pH, soluble solids 

content (SSC) and total titrable acidity (TTA), ascorbic acid, carotenoids, total phenolics, 

and antioxidant activity of tomato fruits as influenced by grafting with interspecific 

tomato hybrid rootstocks under field production conditions. 

Materials and Methods 

Fruit Sampling and Preparation 

Tomato fruit were sampled from a field experiment carried out in Live Oak, FL 

during the 2010 and 2011 spring growing seasons. Treatments considered in this study 

involved the determinate tomato cultivar Florida 47 grafted onto two interspecific 

rootstocks ‘Beaufort’ (BE/FL) and ‘Multifort’ (FL/MU), in comparison with non-grafted 

‘Florida 47’ (FL) and self-grafted ‘Florida 47’ (FL/FL). Plants were grown in plastic 

mulched beds with drip irrigation with a total nitrogen (N) fertilization application at 224 

kg N ha-1 and full irrigation regime. The experiment was arranged in a randomized 

complete block design with four replications (Blocks) and 12 plants per replication. Fruit 
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at the mature green stage of ripeness were harvested at 80 (June 16) and 75 (June 14) 

days after transplanting (DAT) in 2010 and 2011, respectively. Fruit were brought to the 

lab and 8 to10 fruit of similar size and greenness in each treatment were randomly 

selected and were stored at 20 oC to monitor the fruit ripeness. When fruit reached full 

ripeness, they were sliced and homogenized in a Waring blender for 1 min, stored at -

30 or -80 oC and were used for measurements of pH, total titratable acidity (TTA), 

soluble solids content (SSC), ascorbic acid, carotenoids (lycopene, β-carotene, and 

lutein) concentrations, total phenolic content, and antioxidant activity. 

Determination of pH, Soluble Solids Content (SSC), and Total Titratable Acidity 
(TTA) 

Frozen homogenized fruit tissues were thawed, centrifuged at 4°C and 17,600 × gn 

for 20 min. The supernatant was then filtered through cheese cloth prior to analysis. The 

TTA was determined by titration using Titrino Metrohm (model 719 S, Switzerland) of 

6.0 g of juice plus 50 mL of water with 0.1N sodium hydroxide solution until pH 8.2 was 

reached and the TTA was expressed as percent of citric acid (Roberts et al., 2002). The 

pH of the diluted juice was determined automatically by the Titrino equipped with a pH 

electrode. Soluble solids content was measured by a digital refractometer (model ABBE 

Mark II, Cambridge Instruments Inc, U.S.A). 

Determination of Ascorbic Acid Content 

The ascorbic acid content (vitamin C) in the tomato fruit was measured 

spectrometrically according to the AOAC method 967.21 (Horwitz, 2000). In brief, 2 g of 

the fresh homogenized fruit tissues were mixed with 20 mL of acid mixture (6% 

metaphosphoric acid with 2N glacial acetic acid) and were centrifuged 4°C and 17,600 

× gn for 20 min. The supernatant was filtered through Whatman #4 filter paper before 
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the analysis. A triplicate 1 mL of the clear supernatant from each sample was pipetted 

into test tube and 0.05 mL of 0.2% 2,6 dichlorophenolindophenol (DCIP) was added to 

each tube and vortexed and then all test tubes were held at room temperature for 1 

hour. Afterwards, one mL of 2% Thiourea reagent in 5% metaphosphoric acid and 0.5 

mL of 2% dinitrophenyldrazine (DNPH) in 9N H2SO4 reagent were added to each tube 

and mixed well. The reaction mixtures were subsequently incubated in water bath at 60 

ºC for 3 hour, then 2.5 mL of ice cold 90% (v/v) H2SO4 was slowly added to each tube. 

Thereafter, 250 µL of each sample was pipetted into the microplate and their 

absorbance was measured at 540 nm using a microplate spectrophotometer (BioTek 

Instruments, Inc., model Power Wave X52, Highland Park, Winooski, VT). The vitamin 

C content of the samples was calculated based on the established standard curve. 

Determination of Carotenoids 

Methylene chloride was used to extract the carotenoids (lycopene, β-carotene, and 

lutein) from the fruit tissues. Briefly, after thawing, 5.0 g of frozen homogenized fruit 

tissues was weighted into screw cap glass tube and was mixed with 10 mL of 

methylene chloride and the mixture was blended with the homogenizer at 3600 rpm for 

1 min. The solution was then left to separate into distinct layers; and the bottom clear 

layer was collected into a 25 mL volumetric flask. This step was repeated several times 

until a total of 25 mL of clear solution was collected. Afterward, 10 mL of each extracted 

solution was transferred into a beaker and was allowed to dry by flushing/evaporating 

with nitrogen using the N-EVAP 116 nitrogen evaporator. The dried extracted sample 

was resuspended by adding few drops of Tetrahydrofuran (THF) to the beaker and was 

transferred into a 10 mL volumetric flask. The solution was brought to a final volume 

with the mobile phase (70:30, methanol:Tert-Butyl methyl ether (MTBE)). 
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Concentrations of and lycopene, β-carotene, and lutein were then determined using the 

reverse-phase high performance liquid chromatography (HPLC) [Water Alliance system 

2695 Separation Module, 996 Photo-Diode-Array Detector, auto injector (injection 

volumes = 10 to 30 µL), and column temperature regulator; Water Milford. A reversed 

phase C30 polymeric analytical column (ProntoSil® 250 mm x 4.6 mm I.D, 5-um particle 

diameter, MAC-MOD Analytical, Inc., PA) was used for separations (Simonne et al., 

2006). 

Determination of Total Phenolic Content and Antioxidant Activity 

Phenolic contents in the hydrophilic and lipophilic fractions of fruit tissues were 

determined using the method described previously by Toor and Savage (2005). In brief, 

25.0 g of the homogenized fresh fruit tissues was weighted, centrifuged at 4 °C and 

17,600 × gn for 20 min; and the supernatant was filtered through cheese cloth. The 

filtered supernatant was used for determination of the hydrophilic fraction of the total 

phenolic content. Further, 25 mL of acetone was added to the pellet from each sample 

and the mixture was shaken for 1 hour. Then, the mixture was centrifuged again 4 °C 

and 17,600 × gn for 20 min. The resulting supernatant from this second centrifuge was 

used for determination of the lipophilic fraction of the total phenolic content. Then, each 

extracted supernatant was appropriately diluted with deionized water. Then, a triplicate 

0.4 mL of each diluted supernatant from each sample was pipetted into test tubes and 

2.5 mL of freshly diluted 0.2% Folin-Ciocalteu reagent was added to each tube. Further, 

the oxidation reaction was neutralized by adding 2.0 mL of 7.5% w/v saturated sodium 

carbonated, and the samples were vortexed for 15 sec. The reaction mixtures were then 

subsequently incubated in water bath at 45 ºC for 20 min. Then, 250 µL of each sample 

was pipetted into the microplate and the absorbance was measured at 765 nm using a 
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microplate spectrophotometer (BioTek Instruments, Inc., model Power Wave X52, 

Highland Park, Winooski, VT). The phenolic content of each fraction of the samples was 

subsequently calculated, using gallic acid as standard. 

The same supernatants of hydrophilic and lipophilic extracts described above were 

used for the determination of total antioxidant capacity using the oxygen radical 

absorbance capacity (ORAC) assay previously described by Huang et al. (2002).This 

assay uses Trolox® (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), a 

vitamin E analogue and a known antioxidant, as a standard. After appropriate dilution of 

each extracted fraction with phosphate buffer (75 mM, pH 7.4), 25 µL of each diluted 

sample and the standards were separately mixed together with 150 µL of 0.4 uM 

fluorescein solution inside the microplate wells. The plate containing the mixtures was 

then allowed to equilibrate by incubating for 15 min inside the Synergy HT Multi-

Detection Microplate Reader (BioTek Instruments, Inc., Winooski, VT). Afterwards, the 

scavenging reaction was initiated by automatically adding 25 uL of AAPH (2,2'-Azobis 

(2-amidinopropane) dihydrochloride) solution for a final volume of 200 µL. The 

fluorescence was then monitored kinetically with data taken every min for 35 min. The 

antioxidant activity, i.e., the AAPH free radical scavenging ability of each sample was 

subsequently calculated with respect to Trolox, which was used as a standard reference 

to convert the inhibition capability of each extract solution to the μmol L-1 Trolox 

equivalent antioxidant capacity (TEAC). All determinations were carried out in duplicate. 

The dry matter (DM) content of tomatoes fruit was determined by following the 

AOAC method 920.151 (Horwitz, 2000). 
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Statistical Analyses 

Statistical analyses were performed with a linear mixed effects model using the 

Proc Glimmix program of the SAS system for Windows (version 9.2, Cary, NC). The 

data of each quality attribute measurement were analyzed with a model including the 

main effects of year and grafting and the interaction terms of the two main effects. 

Significant differences among treatments were determined by Fisher’s LSD test at P ≤ 

0.05. 

Results 

Soluble Solids Contents, pH, and Total Titratable Acidity 

With the exception of soluble solids contents (SSC), no significant difference was 

found among fruit from the grafted and non-grafted plants over the two seasons for 

other quality attributes such as pH, total titratable acidity (TTA) and the SSC:TTA ratios 

(Table 8-1). The averaged pH values of grafted and non-grafted tomato fruit were 4.5 

and 4.4, respectively. The total titratable acidity were as low as 0.25% for the fruit from 

the plants grafted onto ‘Beaufort’ to as high as 0.28% for the fruit from the self-grafted 

plants, with no significant difference among the four treatments. However, SSC ranged 

greatly from 3.57% to 4.23% with significantly lower SSC in FL/BE, FL/MU, and FL than 

the self-grafted treatment. On average, the SSC measured in the fruit of the self-grafted 

plants were significantly higher by 15% as compared to those in the fruit from grafted 

plants with the two interspecific hybrid rootstocks. The lowest SSC was observed in 

FL/BE and FL/MU although it did not differ significantly from that of the non-grafted 

treatment. However, this significant decrease in SSC by grafting did not translate into a 

significant difference in the SSC to acid ratio values between the grafted and non-grated 

tomato fruit. Values of the SSC:TTA ratio which is often closely associated with the 
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tomato flavor varied from 13.48 for fruit from the plants grafted onto ‘Multifort’ to 15.14 in 

the self-grafted treatment. 

Seasonal comparisons of these quality related attributes show that pH and the 

TTA were significantly higher in 2010 as compared to the 2011 season whereas the 

opposite trend was observed for the SSC:TTA ratio values. Specifically, averaged over 

the four treatments, values of pH increased from 4.39 in 2010 to 4.49 in 2011 while TTA 

decreased from 0.29 in 2010 to 0.24% in 2011. In contrast, values of SSC did not reveal 

any significant difference between the two seasons. 

Ascorbic Acid and Carotenoid Contents 

Ascorbic acid levels in the fruit from grafted plants were slightly lower as compared 

to those in the fruit from non-grafted plants. However, fruit from grafted plants with the 

two rootstocks showed significantly lower levels of ascorbic acid than the self-grafted 

treatment. On average, fruit from the self-grafted plants exhibited an increase of about 

18% in ascorbic acid concentration (on a dry weight basis) as compared to that of the 

fruit from plants grafted onto the interspecific rootstocks (Table 8-2). It should be noted 

that the difference was more pronounced when the values were expressed on the fresh 

weight basis (data not shown). Grafting with interspecific rootstocks had a significant 

effect on the fruit moisture content, with a significant higher level of in the fruit from 

plants grafted onto the two rootstocks than non-grafted and self-grafted plants (Table 8-

2). Given this difference in the fruit moisture content, values of the antioxidants 

evaluated were expressed on a dry weight of fruit basis. 

In contrast, lycopene levels in fruit from the plants grafted onto ‘Beaufort’ showed 

a significant increase as compared to the fruit from self-grafted plants. Fruit lycopene 

concentrations did not differ significantly between the non-grafted plants and plants 
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grafted onto the interspecific rootstocks. Averaged lycopene levels ranged from 370 to 

about 460 µg per g of fruit (dry weight basis) over the two seasons, Similar trends were 

also observed in the levels of β -carotene. With respect to lutein, FL/MU showed a 

significantly increased level than FL/BE and FL/FL but did not differ significantly from 

the non-grafted treatment. Lycopene was the dominant carotenoid in the red tomato 

variety used in this study. Ascorbic acid, β -carotene, and lutein values in fruit from the 

2010 growing season were all significantly higher than those from the 2011 growing 

season. In contrast, lycopene contents nearly doubled from 315 in 2010 to 536 µg per g 

of fruit (dry weight) in 2011.  

Total Phenolic Content and Antioxidant Capacity 

Total phenolic contents were predominantly from the hydrophilic fraction as 

opposed to the lipophilic fraction irrespective of the growing season or grafting 

treatment (Table 8-3). On average, the hydrophilic fraction of the total phenolic contents 

was consistently 78% greater than the lipophilic fraction. When averaged overall the 

treatments, the results showed that the hydrophilic and lipophilic fractions measured 

during the 2011 season were all significantly higher than the values obtained in 2010 

season. Further, when averaged over the two seasons, there was no significant 

difference among the treatments with respect to any of the two fractions or total 

phenolic contents, even though the total phenolic contents measured in fruit from 

grafted plants with the interspecific rootstocks tended to be higher than those in the 

non-grafted and self-grafted plants. The antioxidant activity (expressed in μmol TEAC 

per 100g fruit dry weight) showed that fruit from FL/BE and FL/MU exhibited the 

greatest levels of hydrophilic antioxidant activity which was 24% higher than the fruit 

from non-grafted plants. The lipophilic fraction showed a much lower level of antioxidant 
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activity compared with the hydrophilic fraction. FL/MU exhibited significantly lower 

lipophilic antioxidant activity than the non-grafted treatment. Total antioxidant activity of 

fruit (hydrophilic and lipophilic) was significantly increased in plants grafted onto 

‘Multifort’ (7498 μmol TACE/100g DW) than the non-grafted plants (5761 μmol 

TEAC/100g DW). 

Yield and Yield Components 

The total and marketable fruit yields averaged over the two seasons were 

significantly higher in grafted plants with the interspecific rootstocks than non-grafted 

and self-grafted controls (Table 8-4). On average, the increases in total and marketable 

fruit yields were 36 and 41%, respectively. The yield increase could be attributed to 

significantly higher number of fruit per plant and average fruit weight. Average total fruit 

numbers ranged from 21 fruit per plant for the non-grafted and self-grafted controls to 

24 fruit per plant for the plants grafted onto the two rootstocks with marketable fruit 

numbers ranging ranged from 17 to 21 fruit per plant, respectively for the control 

treatments and grafted plants. However, with the exception of the marketable fruit yields 

and fruit number per plant were significantly higher in 2011 as compared to the 2010 

season, other yield and yield component variables did not vary significantly between the 

two seasons. 

Discussion  

Perception of sweetness and tartness of tomato fruits are related to the levels of 

soluble solids content (SSC) and total titrable acidity (TTA) and SSC:TTA ratios, which 

often define the flavor of the fruit. High SSC and TTA are greatly desirable, especially 

when the tomato fruits are produced for fresh market (Cuartero and Fernández-Muñoz, 

1999). Under the conditions of this study, despite the decrease of SSC in grafted plants 
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with the interspecific rootstocks as compared with the self-grafted treatment, the 

SSC:TTA ratios did not differ significantly among the four grafted and non-grafted 

treatments. It is unclear whether fruit from grafted tomato plants would exhibit an inferior 

flavor and thus could be less appreciated by consumers as compared to fruit from non-

grafted plants. However, several previous studies have reported an enhancement in the 

levels of these quality attributes as a result of grafting (Flores et al., 2010) while others 

have noticed a decrease in these attributes in different environments (Ulukapi and 

Onus, 2007) or no effect all together (Qaryouti et al., 2007). In our study, the fruit 

moisture content was significantly higher in fruit from grafted plants with interspecific 

rootstocks as compared to non-grafted and self-grafted plants. The reduction in the 

SSC values of the fruit from grafted plants might be related to the dilution effect; 

however, such a reduction was only in contrast to the self-grafted treatment rather than 

the non-grafted control. Whether the grafting process has an additional effect on fruit 

quality beyond the influence of rootstocks deserves more in-depth research. Although 

the definitive dilution effect as a result of grafting with interspecific rootstocks was not 

found in the present study, the dilution effect has been reported on citrus fruits from 

more vigorous rootstocks as compared to dwarf rootstocks. Albrigo (1977) 

demonstrated that fruit from trees grafted on rough lemon (vigorous rootstock) had the 

lowest soluble solids content and the highest leaf water potentials. In tomato, a negative 

correlation between fruit yield and SSC has been reported. (Georgelis et al., 2004) As 

shown in our study and previous studies by others (Di Gioia et al., 2010; Flores et al., 

2010), grafting with specific rootstocks can result in enhanced tomato fruits yield and 

average fruit weight. The two interspecific rootstocks used in the present study also 
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possess vigorous growth characteristics. Therefore, a possible decrease in the SSC 

values would be expected as a result of dilution in the fruit. Future research need to 

quantify the levels of reducing sugars including glucose and fructose present in the fruit 

in addition to measuring SSC to determine the influence of grafting with certain 

rootstocks. A more complete analysis would also involve the evaluation of the activity of 

different enzymes (invertases, sucrose synthases (SuSys) and sucrose phosphate 

synthases (SPSs)) that are involved in the accumulation of sugar in fruits to see if there 

is any influence in the activities of these enzymes as result of grafting with specific 

rootstocks. More importantly, precisely, gene expression analyses could also provide 

more precise insights on some of the changes in nutritional quality attributes as related 

to grafting with interspecific rootstocks. 

Additionally, tomato fruit quality is also related to the levels of various antioxidants 

such as ascorbic acid, carotenoids, and phenolic compounds present in the fruit. Similar 

inconsistent patterns as a result of grafting with specific rootstocks have also been 

reported on these attributes. Di Gioia et al. (2010) observed a consistent decline in 

vitamin C content in ‘Cuore di Bue’ tomato fruit from grafted plants as compared to non-

grafted plants at various harvest dates; our results are in agreement with this finding 

with a 13% decrease in the levels of ascorbic acid in fruit from grafted plants as 

compared to fruits from the self-grafted plants, averaged over two seasons. In contrast, 

Pogony et al. (2005) noted an increase in the level of vitamin C as a result of grafting. Di 

Gioia et al. (2010) and Vinkovic Vrcek et al. (2011) suggested that a significant 

decrease in content of total vitamin C after grafting could be a result of redistribution or 

accumulation of vitamin C in other parts of grafted plants and may also be inherent to 
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higher accumulated biomass in the shoot of grafted plants compared to non-grafted 

plants. 

However, this assertion could not be applied to the carotenoids in tomato fruits. In 

effect, in our study, when averaged over the two seasons, the highest values of 

lycopene content were found in fruit from plants grafted onto the interspecific rootstocks, 

although the difference between grafted and non-grafted treatments was not statistically 

significant. Similar increase in the carotenoid contents (lycopene, β-carotene) was 

previously reported by Fernandez et al (2004b) on grafted tomato. It is likely that certain 

rootstocks have a positive influence on the processes leading to the biosynthesis and 

accumulation of carotenoids especially lycopene in tomato fruit. Carotenoid synthesis 

during the ripening of tomato fruit involves a typical developmental transition of 

chloroplasts to chromoplasts; as photosynthetic membranes are degraded, chlorophyll 

is metabolized, and carotenoids, including β-carotene and lycopene, accumulate 

(Saltveit, 2005). It is believed that the increase in lycopene synthesis and accumulation 

is in part related to the high K concentration in the fruit as demonstrated in tomato fruits 

by Fanasca et al. (2006). Potassium is shown to be primordial to the protein synthesis 

and the activity of acetic thiokinase (Trudel and Ozbun, 1971), an enzyme needed in the 

formation of acetyl CoA which is involved in the biosynthesis of isopentenyl diphosphate 

(IPP), first precursor of carotenoids and the mevalonic acid pathway. As a result of 

enhanced nutrient uptake, more chlorophyll might be accumulated in the 

photosynthesizing organs (leaves and fruit) of the grafted plants as compared to the 

non-grafted plants. Possibly, this will lead to greater degradation of chlorophyll and 

more accumulation of carotenoid in the fruit of grafted plants than the non-grafted 
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plants. However, available literature does not present evidence of such a linkage 

between interspecific rootstock effect on the chlorophyll accumulation and the 

carotenoid changes in the fruits. It should be noted that the regulatory mechanisms that 

control the biosynthesis and accumulation of carotenoids and carotenogenesis are very 

complex and are not quite well understood (Bramley, 2002).  

In this study, the level of total phenolics, measured as the sum of the hydrophilic 

and lipophilic phenolics fractions, remain consistently constant in tomato fruit across 

grafted and grafted plants,. These results do not agree with those reported by Vinkovic 

Vrcek et al. (2011) who observed a decrease in total phenolics as result of grafting with 

three different commercial rootstocks including ‘Efialto’ ‘Heman’, and ‘Maxifort’.  

In our study, by using the oxygen radical absorbance capacity (ORAC) assay, the 

total (hydrophilic and lipophilic) antioxidant activity showed a significant increase in 

tomato fruit from the grafted plants with the ‘Multifort’ rootstock as compared with the 

non-grafted fruit. However, plants grafted with the two rootstocks did not differ 

statistically significantly from the self-grafted treatment. In this case, it would be difficult 

to differentiate the effect of rootstocks from the impact of grafting process. In contrast, 

Vinkovic Vrcek et al. (2011) observed that the fruit antioxidant activities of ‘Tamaris’ 

tomato grafted onto the ‘Efialto’ and ‘Maxifort’ rootstocks were significantly lower 

compared to the  respective rootstocks and scion. However, the DPPH (2, 2-Diphenyl-1-

picrylhydrazyl) assay was used in their study as opposed to the ORAC used in our 

study. Significant differences in the antioxidant activity measurements with different 

methods have often been reported (Ou et al., 2002). 
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Furthermore, nutritional quality attributes are often greatly subject to the variations 

of the environmental conditions (Scott, 2002). Often times, the same tomato cultivars 

may exhibit changes of fruit quality attributes under different production conditions. In 

this 2-year study, the levels of most of the fruit quality measurements varied significantly 

between the 2010 and 2011 production seasons. 

It has been pointed out the rootstock effects on fruit quality can influenced by 

different production environments (e.g., light intensity, air temperature) and cultural 

practices (e.g. soilless vs. soil culture, irrigation, and fertilization), type of scion-

rootstock combinations used, and harvest date (Davis et al., 2008). Flores et al. (2010) 

speculated that in grafted plants, metabolic processes inherent to fruit quality attributes 

are generally species-driven and are largely controlled by the scion. However, some of 

the fruit quality attributes may also be influenced by the rootstock as a result of the 

translocation of the metabolites to the scion through xylem and/or change in the 

physiological processes of the scion (Lee, 1994; Rouphael et al., 2010). 

Conclusions 

Overall, comparative analysis of the tomato fruit quality attributes in this study did 

not reveal any major changes as a result of grafting with interspecific rootstocks 

although the use of rootstocks resulted in a significant increase in fruit moisture content 

as compared with the non-grafted and self-grafted plants. Grafting with the vigorous 

interspecific rootstocks can improve growth and fruit yields of tomato without any major 

detrimental effect on the quality attributes and nutritional properties of fruit. The effect of 

grafting process vs. the rootstock impact need to be further examined.  
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Table 8-1.  Quality attributes of tomato fruits from non-grafted ‘Florida 47’ (FL), self-
grafted ‘Florida 47’ (FL/FL), and grafted ‘Florida 47’ with the rootstocks 
‘Beaufort’ (FL/BE) and ‘Multifort’ (FL/MU) harvested at 80 DAT in 2010 and 75 
DAT in 2011. 

 pH 
SSCa 
(oBrix) 

TTAb 
(% citric 

acid) 
SSC:TTA ratio 

Season     
    2010 4.39 a 3.82 a 0.289 a 13.32 b 
    2011 4.49 b 3.75 a 0.243 b 15.52 a 
Treatment     
    FL/BE 4.45 a 3.58 b 0.254 a 14.28 a 
    FL/MU 4.44 a 3.57 b 0.268 a 13.48 a 
    FL/FL 4.43 a 4.23 a 0.281 a 15.14 a 
    FL 4.45 a 3.75 b 0.261 a 14.65 a 

         aSSC: Total soluble solids content. 
         bTTA: Total titratable acidity. 

Means (n = 4) within a column followed by the same letter are not significantly 
different at P ≤ 0.05 based on Fisher’s LSD test. 
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Table 8-2.  Moisture, ascorbic acid and carotenoid contents of tomato fruits from non-
grafted ‘Florida 47’ (FL), self-grafted ‘Florida 47’ (FL/FL), and grafted ‘Florida 
47’ with the rootstocks ‘Beaufort’ (FL/BE) and ‘Multifort’ (FL/MU) harvested at 
80 DAT in 2010 and 75 DAT in 2011. 

 
 

Moisture 
(%) 

Ascorbic acid 
(mg/100g DW) 

Lycopene (µg/g 
DW) 

Β-carotene 
(µg/g DW) 

Lutein 
(µg/g DW) 

Season      

    2010 95.12 a 440.13 a 315.46 b 83.60 a 69.67 a 
    2011 94.89 a 342.52 b 536.16 a 47.80 b 18.21 b 

Treatment      

    FL/BE 95.36 a 368.23 b 461.36 a 70.58 a 41.29 b 
    FL/MU 95.25 a 365.97 b 433.82 ab 70.26 a 50.95 a 

    FL/FL 94.58 b 434.13 a 370.48 b 59.05 b 40.87 b 

    FL 94.83 b 396.98 ab 437.56 ab 62.90 ab 42.63 ab 

Means (n=4) within a column followed by the same letter are not significantly different at 
P ≤ 0.05 based on Fisher’s LSD test. 
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Table 8-3.  Total phenolic content and antioxidant activity of tomato fruits from non-
grafted ‘Florida 47’ (FL), self-grafted ‘Florida 47’ (FL/FL), and grafted ‘Florida 
47’ with the rootstocks ‘Beaufort’ (FL/BE) and ‘Multifort’ (FL/MU) harvested at 
80 DAT in 2010 and 75 DAT in 2011. 

 

Total phenolics  
(mg GAE/100 g DW)  

Antioxidant activity 
(µmol TEAC/100 g DW) 

Hydrophilic Lipophilic Total Hydrophilic Lipophilic Total 

Season 

2010 225.33 b 46.3 b 271.6 b  5705.26 a 1362.2 a 7067.4 a 

2011 288.04 a 64.3 a 352.4 a  5205.15 a 1216.9 b 6422.1 a 

Treatment 

FL/BE 279.50 a 56.9 a 336.4 a  5729.17 a 1335.5 a 7064.7 ab 

FL/MU 286.87 a 50.6 a 337.4 a  6349.42 a 1149.2 b 7498.6 a 

FL/FL 232.83 a 52.7 a 285.5 a  5358.35 ab 1295.8 ab 6654.2 ab 

FL 227.55 a 61.1 a 288.6 a  4383.88 b 1377.6 a 5761.5 b 

GAE: Gallic acid equivalents, TEAC: Trolox equivalent antioxidant capacity. Means 
(n=4) within a column followed by the same letter are not significantly different at P ≤ 
0.05 based on Fisher’s LSD test. 
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Table 8-4.  Total yield, marketable yield, fruit number, and average fruit weight of non-
grafted ‘Florida 47’ (FL), self-grafted ‘Florida 47’ (FL/FL), and grafted ‘Florida 
47’ with the rootstocks ‘Beaufort’ (FL/BE) and ‘Multifort’ (FL/MU) in 2010 and 
2011. 

 

Total yield  Marketable yield 

Yield 
 (Mg ha

-1
) 

Fruit 
number per 

plant 

Average fruit 
weight 
(g/fruit) 

Yield 
(Mg ha

-1
) 

Fruit 
number 
per plant 

Average fruit 
weight (g/fruit) 

Season 

    2010 54.9 a 22.1 a 172.9 a  48.2 b 17.4 b 191.6 a 

    2011 59.7 a 23.6 a 175.1 a  54.9 a 20.2 a 186.4 a 

Graft 

    FL/BE 66.1 a 24.4 ab 188.2 a  60.7 a 21.0 a 201.5 a 

    FL/MU 65.8 a 25.0 a 184.7 a  59.9 a 20.8 a 200.2 a 

    FL/FL 48.3 b 20.6 c 164.1 b  42.9 b 16.7 b 177.9 b 

    FL 48.8 b 21.3 bc 159.1 b  42.7 b 16.8 b 176.5 b 

Means (n=4) within a column followed by the same letter are not significantly different at 
P ≤ 0.05 based on Fisher’s LSD test. 
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CHAPTER 9 
ECONOMIC ANALYSIS OF GRAFTED TOMATO PRODUCTION IN SANDY SOILS IN 

FLORIDA 

Introduction 

To date, grafting has been used successfully in vegetable production for disease 

control and yield improvement in many parts of the world especially in Asia and Europe 

(Lee and Oda, 2003; Lee et al., 2010). A number of rootstocks have been developed for 

managing various soil-borne diseases and root-knot nematodes in production of tomato, 

eggplant, pepper, cucumber, watermelon, and melon particularly in intensive cultural 

systems (King et al., 2010; Lee et al., 2010; Rivard et al., 2010a). Moreover, many of 

these rootstocks demonstrate tolerance to abiotic stresses and show great potential for 

enhancing crop vigor and productivity even under low disease pressure (Di Gioia et al., 

2010; Fernández-García et al., 2002). In the United States, the majority of users of 

grafted seedlings are currently greenhouse hydroponic tomato growers, while grafting it 

is still a relatively new technique for open-field producers (King et al., 2010; Kubota et 

al., 2008; Lee et al., 2010).  

With the phase-out of methyl bromide soil fumigant and new search for integrated 

disease management practices in field vegetable production, interest in vegetable 

grafting under field conditions is growing recently in the U.S. (Barrett et al., 2012a; 

Kubota et al., 2008; Rivard and Louws, 2008). However, high cost associated with using 

grafted transplants still remains the major concern limiting the adoption of grafting by 

vegetable growers especially large-scale producers (Kubota et al., 2008; Lee et al., 

2010). In addition to the costs of rootstock seeds, grafted transplant production requires 

direct costs associated with space, supplies and materials as well as making the grafts, 

which ultimately increases the costs of grafted vegetable production in comparison with 
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non-grafted plants (Barrett et al., 2012b; Rivard et al., 2010b). For example, estimated 

prices for grafted tomato transplants ranged from $0.59 to $1.88 as opposed to $0.13 to 

$0.76 for non-grafted plants in two different transplant production operations in the U.S. 

(Rivard et al., 2010b).  

A recent study on grafted heirloom tomato production demonstrated the economic 

feasibility of using grafted plants for root-knot nemade control when there is a high 

population of root-knot nematodes in the field (Barrett et al., 2012b). While the cost 

effectivness of growing grafted tomato plants as a result of yield enhancement has been 

shown in greenhouse operations, little information is available as to whether grafting 

can be used economically beyond disease control in open field production. In general, 

efficient production practices can only be fully integrated into endogenous agricultural 

management practices when growers can also sustain some economic benefits by 

using the techniques (Baggs et al., 2000). Considering the multifaceted benefits of 

vegetable grafting, a comprehensive approach involving different production scenarios 

is needed to evaluate the economic feasibility of the use of grafted tomato transplants 

as a viable component of field tomato production systems. 

The main objective of this 2-year study was to determine the costs and benefits of 

using grafted transplants for field production of fresh market tomato in fumigated sandy 

soils in Northeast Florida. A partial budget analysis of grafted vs. non-grafted tomato 

production was performed to determine if the additional costs associated with grafting 

can be offset by the improved marketable fruit yield. 
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Materials and Methods 

Field Production of Fresh Market Tomato 

Partial budget analysis conducted in this study was based on field experiments 

carried out during the 2010 and 2011 spring growing seasons at the North Florida 

Research and Education Center-Suwannee Valley in Live Oak, FL on a Blanton-

Foxwort-Alpin Complex sandy soil type. The field grown determinate tomato cultivar 

Florida 47 (Seminis Vegetable Seeds, Inc., Saint Louis, MO) was used as scion which 

was grafted onto two commercially available interspecific hybrid rootstocks ‘Beaufort’ 

(FL/BE) and ‘Multifort’ (FL/MU) and the non-grafted ‘Florida 47’ (FL) used as a control. 

These two rootstocks are among the most widely used tomato rootstocks in the United 

States at present. In both years, five weeks before transplanting, field plots were disked 

and plowed, followed by soil fumigation using Telone C-35 (Dow AgroSciences, LLC; 

Indianapolis, IN) at the rate of 196.4 L ha-1. Grafted and non-grafted plants were 

transplanted in raised beds with plastic mulch and drip irrigation on 29 Mar. 2010 and 1 

Apr. 2011. Beds were 28 inches wide and spaced 5-ft apart with 18-inch in-row spacing 

for open-field tomato production. In both seasons, a randomized complete block design 

with four replications (blocks) was used. Plants were grown with the current University 

of Florida-Institute of Food and Agricultural Sciences (UF/IFAS) recommendation for 

irrigation and nutrients program for commercial tomato production (Olson et al., 2010). 

Split application of fertilizer treatments through the drip tape was done weekly 

throughout the growing season and in both years. The plants were trained using the 

standard stake and weave system. Other cultural practices including pest control 

followed current recommendations for commercial field tomato production in Florida 

(Olson et al., 2010). Mature green tomato fruit were harvested at 80 and 88 days after 
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transplanting (DAT) in 2010 and at 75, 85, and 92 DAT in 2011. Fruit were graded as 

extra-large, large, medium, and culls (small fruit and defected fruit) and the tomato fruit 

in each grade were counted and weighed. Marketable fruit yield (number of 25-lb 

cartons per acre), representing the summation of extra-large, large, medium fruits was 

then calculated. 

Costs of Grafted and Non-Grafted Transplant Production 

In this study, the costs of grafted and non-grafted transplants were estimated 

following the procedure described by Barrett et al. (2012b). All the materials, supplies, 

and labor associated with the production of grafted and non-grafted transplant were 

estimated to calculate the costs of non-grafted ‘Florida 47’ plants and grafted ‘Florida 

47’ plants with ‘Beaufort’ or ‘Multifort’ rootstock. 

Base Production Cost Model for Fresh Market Tomato in Field 

For the purpose of this study, a base cost model for growing, harvesting, and 

marketing ‘Florida 47’ in a 1-acre field with a raised-bed polyethylene mulch production 

system was established, using the existing crop budget model for fresh market tomato 

production in the Manatee/Ruskin area developed by the University of Florida Center for 

Agribusiness (2009). Costs of production inputs including transplants and fertilizers 

during the 2010 and 2011 trials were estimated and used in developing the actual 

production budget. The variable costs of irrigation were based on information provided 

by Pitts et al. (2002). A harvest and marketing charge of $3.39 per 25-lb carton was 

used to estimate the harvest and marketing costs for total marketable tomato yields in 

2010 and 2011. It included costs of containers, selling, packing, harvesting and hauling, 

and organization fees. 
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Partial Budget Analysis of Grafted and Non-Grafted Tomato Production 

Partial budget analysis is a standard economic analysis tool commonly used to 

determine the effects of a series of changes to certain operations of the farming 

production system on the change of economic returns (Sydorovych et al., 2008). This 

economic analysis approach compares the negative and positive effects of applying a 

new treatment relative to a base or standard treatment. It can provide a good snapshot 

on the possible economic benefit that may accrue to growers adopting the new 

production practice. In the context of this study, using grafted tomato transplants is 

considered as the new treatment while using non-grafted transplants is the standard 

practice. The typical components of the partial budget analysis as presented by 

Sydorovych et al. (2008) were adapted as follows:  

1. Negative effects: 

a) Added costs due to grafting 

b) Reduced returns due to grafting 

c) Total negative effects due to grafting, i.e., the summation of the added and 
reduced returns 

2. Positive effects: 

a) Reduced costs due to grafting 

b) Added returns due to grafting 

c) Total positive effects due to grafting, i.e., the summation of reduced costs and 
added returns 

3. Total effects/net change in revenue: calculated as the difference between total 
positive effects and total negative effects. 

It was assumed that added costs of grafted tomato production relative to the non-

grafted tomato production would be incurred if the costs of grafted transplants and the 

harvest costs of grafted treatment were higher than the transplant and harvest costs of 
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non-grafted treatment. On the other hand, reduced costs of grafted tomato production 

relative to the non-grafted tomato production would be incurred if the costs of grafted 

transplants and the harvest costs of grafted treatment were lower than the transplant 

and harvest costs of non-grafted treatment. Furthermore, added returns would be 

incurred if the grafted treatment resulted in higher yields as compared to the non-grafted 

treatment, which could result in higher gross returns in grafted tomato production than 

non-grafted tomato production. In contrast lower yields as a result of growing grafted 

plants would reduce returns and thereby lead to lower gross returns relative to the non-

grafted tomato production. 

Results and Discussion 

Costs of Tomato Transplant Production 

Grafting involves the combination of two different plants with distinctive traits to 

form a new plant. Hence, the use of grafted tomato transplants is expected to result in 

additional costs inherent to labor and materials needed for grafting. In this study, the 

cost associated with the production of ‘Florida 47’ grafted onto either ‘Beaufort’ or 

‘Multifort’ was estimated at $0.67/plant as compared with the estimated cost of non-

grafted transplants at $0.15/plant (Table 9-1). On a per plant basis, our estimations 

show that the grafted tomato transplants were 467% more expensive than the non-

grafted plant. Such a price difference was consistent with that reported by Barrett et al. 

(2012b) on grafted organic heirloom tomato transplants using the ‘Multifort’ rootstock. 

Similarly, estimated costs in a commercial farming operation located in Ivanhow, North 

Carolina by Rivard et al. (2010b) were $0.59 and $0.13 per grafted and non-grafted 

tomato transplant respectively. In contrast, Besri and Rabat (2005) reported only a 2-

fold increase of tomato transplant price with grafting in Morocco, i.e., $0.19 and $0.38 
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per plant of non-grafted and grafted tomato transplants, respectively. Costs of grafted 

vegetable transplants also vary with the crop type. According to Taylor et al. (2008), the 

price of grafted seedless watermelon transplants was $0.87/plant in contrast to 

$0.28/plant for non-grafted transplants. As indicated in these previous studies, the 

increase of costs for grafted plants is often ascribed to the higher costs of rootstock 

seeds rather than the labor costs of grafting operation. In the present study, the overall 

materials needed for grafting accounted for about 73% of the total costs of grafted 

transplant production. With the development of more rootstock breeding programs in the 

U.S., it is anticipated that the rootstock seed price may decrease and thus reducing the 

cost of grafted transplants. Advancement in grafting techniques including automation of 

the grafting operation may also help lower the cost of grafted transplant production (Lee 

et al., 2010).  

With the plant density of 5808 tomato plants per acre, grafting with either 

‘Beaufort’ or ‘Multifort’ rootstocks added approximately $3,015.63 per acre to the total 

pre-harvest production costs in field production of ‘Florida 47’ (Table 9-2). This was in 

line with the report of grafted transplant costs in North Carolina which suggested that 

the use of grafted tomato transplants would increase the production costs by $2,275 per 

acre (O'connell et al., 2009). The increase of transplant costs as a result of using 

grafted plants further increased the portion of transplant costs in the total budget for 

field tomato production with the raised-bed plasticulture system. For instance, the cost 

of grafted transplants represented 26% of the total production costs as compared to 

only 6% with the use of non-grafted transplants in the 2010 field trial.  



 

 217 

Costs of Field Production of Fresh Market Tomato 

In this study, the total costs per acre required to produce, harvest, and market 

‘Florida 47’ tomatoes in the Live Oak, FL using the raised-bed polyethylene mulch 

system were estimated at $14,722.61 and $14,959.91 in the spring production seasons 

of 2010 and 2011, respectively (Table 9-3). These total estimated costs involved the 

variable and fixed costs associated with the pre-harvest operations and the costs 

needed for harvest and marketing. Specifically, the pre-harvest operational costs 

included the costs associated with transplants, irrigation, fertilization, and other 

management practices, which made up about 66% of the total production costs. The 

harvest and postharvest operations including packaging and marketing amounted to 

$4,935.84/acre and $5,173.14/acre in 2010 and 2011, respectively. Our estimated total 

production costs were slightly lower than the $15,451.77 developed by the University of 

Florida Center for Agribusiness. As the same template budget was used, this difference 

was partly due to the different estimated costs of transplants and irrigation and nutrient 

management program. In addition, the harvest costs estimated in our study reflected the 

average marketable yields measured in the 2010 and 2011 field trials. The total 

estimated costs of field tomato in the present study were also comparable to the 

estimated cost of $16,926/acre for producing and harvesting tomatoes in soils with 

methyl bromide fumigation in North Carolina (Sydorovych et al., 2008). 

Marketable Fruit Yield and Gross Returns 

In this study, yield increases as a result of grafting with interspecific rootstocks 

were demonstrated in both the 2010 and 2011 field trials. In 2010, the highest 

marketable yield expressed in 25-lb cartons per acre were 2023 and 1890 cartons with 

‘Florida 47’ grafted onto ‘Beaufort’ (FL/BE) and ‘Multifort’ (FL/MU), respectively, as 
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opposed to 1456 cartons for the non-grafted plants (Table 9-4). In 2011, these values 

were 2166, 2138, and 1526 cartons for FL/BE, FL/MU, and FL, respectively. As a result, 

projected total harvest costs were higher with the grafted treatments compared to the 

non-grafted treatment during the two production seasons. For example, in 2010 the 

harvest cost in production of non-grafted ‘Florida 47’ was $4,935.84 whereas the 

required harvest cost was $6,857.45 in grafted tomato production with ‘Beaufort’ (Table 

9-4). 

The tomato selling prices of $10.95 and $11.95 per 25-lb carton during the harvest 

period in 2010 and 2011 seasons respectively (USDA, 2011) were used in calculating 

the gross returns (crop value) of grafted and non-grafted tomato production. In 2010, 

the gross returns reached 22,158.09/acre and $20,697.35/acre for production of grafted 

‘Florida 47’ with ‘Beaufort’ and ‘Multifort’, respectively. In contrast, the non-grafted 

tomato production was valued at $15,948.89/acre, which translated to additional gross 

returns relative to non-grafting of $6,209.20 and $4,748.45/acre for ‘Beaufort’ and 

‘Multifort’, respectively in 2010. In 2011, these additional gross returns were 

$7,646.66/acre and $7,318.25/acre for ‘Beaufort’ and ‘Multifort’, respectively. The gross 

returns were slightly higher in 2011 than in 2010 due to higher marketable fruit yields 

registered in 2011 season. A previous study of ‘Florida 47’ production in Live Oak, FL 

showed the gross returns of $19,972/acre and $10,776/acre in the spring seasons of 

2005 and 2006, respectively (Gazula, 2009). It indicated that the gross returns of field 

tomato production can vary considerably depending on seasonal change of fruit yield 

and price levels during the marketing period. 
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Partial Budget Analysis of Grafted Tomato Production 

The negative and positive effects associated with the use of grafted tomato 

transplants relative to the non-grafted plants were summarized in Table 9-5. In terms of 

the production costs, the negative effects (added costs) related to the use of grafted 

transplants involved the increased costs of transplants and the harvest. These total 

negative effects amounted to $4,937.24/acre and $4,485.17/acre with grafting ‘Florida 

47’ onto ‘Beaufort’ and ‘Multifort’, respectively, in 2010; and $5,184.82/acre and 

$5,091.66/acre in 2011. On the other hand, the positive effects associated with using 

grafted transplants involved the added returns on the tomato fruit values, which ranged 

from $4,748.45/acre to $7,646.64/acre over the two spring production seasons (Table 9-

5).  

The estimated gross returns, total production costs, and net returns for grafted and 

non-grafted treatments were presented in Table 9-6. The net return can be estimated as 

the difference between the gross returns and production costs. The transplant and 

harvest costs changed as a result of using grafted transplants while other production 

costs remained constant regardless of the use of grafted transplants. The net return for 

each grafted treatment relative to the non-grafted treatment can also be calculated as 

the difference between the total positive effects of grafting and the total negative effects 

of grafting. After accounting for grafting and harvest costs, the net returns of grafting 

relative to non-grafting were $1,271.96/acre and $263.28/acre, for grafted tomato 

production with ‘Beaufort’ and ‘Multifort’, respectively in the 2010 season. These relative 

net returns were $2,461.82/acre and $2,226.59/acre in 2011. This indicated that the 

increased crop value resulting from the significant improvement of marketable tomato 

fruit yield could offset the increased cost of grafted tomato production and even made it 
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more profitable than non-grafted tomato production in fumigated soils. In this study, 

using the rootstock ‘Beaufort’ appeared to be more cost effective as compared with 

‘Multifort’, especially in the 2010 season due to the higher marketable yield of grafted 

plants with ‘Beaufort’. However, the difference in net returns between grafted and non-

grafted tomato production as observed in the present study was lower than that 

reported by O’Connell et al. (2009) in an organic, open field production of indeterminate 

tomato in North Carolina. These authors found that the net return of the top yielding 

scion-rootstock combination, i.e., ‘Celebrity’ grafted onto ‘RST-04-105-T’, was 

$59,635/acre as compared to $8,780/acre for non-grafted ‘Celebrity’ tomato. It should 

be noted that such a great difference in net returns was due to the high pressure of 

Southern blight (caused by Sclerotium rolfsii). The prevalence of this particular soil-

borne disease resulted in more than 80% of dead plants in non-grafted plots within the 

first two weeks of fruit production, whereas the use of resistant rootstock extended fruit 

production for seven weeks. Similarly, recent studies on cost benefit analyses of grafted 

watermelon (Taylor et al., 2008) and heirloom tomato production (Barrett et al., 2012b) 

indicated that using grafted transplants is more cost effective than the non-grafted 

treatment only in the field with high pressure of soil-borne disease and root-knot 

nematodes in the absence of soil fumigants.  

In our study, the comparison of grafted and non-grafted tomato production was 

conducted in soils fumigated with Telone C35 which allowed for evaluation of the 

grafting benefit for yield improvement beyond disease control. In order to provide a 

more complete analysis of economic feasibility for field production of grafted tomato, 

production systems with and without soil fumigation can be included in future studies 
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which will help elucidate the economic returns associated with effectiveness of disease 

control vs. improvement of crop vigor and resulting yield enhancement. Furthermore, 

with the improved irrigation and nitrogen use efficiency demonstrated by grafted plants 

as compared to non-grafted plants, future studies should also evaluate the extent of 

cost savings that may be generated in term of expenditures relative to nutrient and 

irrigation management programs by using vigorous rootstocks compared to non-grafted 

plants. Moreover, in a study involving two different rootstocks of melon, it has also been 

shown that the total yields of grafted plants grown at different plant density (50, 60, 80% 

of the conventional plant density used by the growers) were significantly higher than the 

yield obtained from non-grafted plants indicating that with the use of grafted melon 

plants, planting density may be reduced by 60% (Ricárdez-Salinas et al., 2010). Similar 

studies should also be conducted with rootstocks available for tomato grafting to find out 

whether reduced plant density can be used in the goal to reduce costs inherent to 

grafted transplants production. 

In this study, the tomato plants were grafted above the rootstock cotyledons. 

When the graft union is formed above the rootstock cotyledons (cotyledons are left 

intact), regrowth of the rootstock, i.e., rootstock suckers, may be formed from the 

axillary meristems. Additional labor is often required to remove the rootstock suckers on 

the grafted tomato plants prior to transplanting or during the first few weeks after 

transplanting (Bausher, 2011). Removal of rootstock suckers can add more cost to 

grafted tomato production. This extra cost was not considered in the present study as 

rootstock suckering can be avoided by grafting below the rootstock cotyledons 

(Bausher, 2011). 
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Conclusions 

Growing grafted tomato demonstrated higher production costs due to the 

increased costs associated with grafted transplants and harvest. In the field production 

with fumigated soils, the yield improvement as a result of using grafted transplants led 

to higher returns that eventually increased the net return at as compared with the use of 

non-grafted transplants. More on-farm trials in commercial growing conditions across 

various tomato production areas in Florida are still needed to help growers decide 

whether grafting can be integrated as an economic viable component into their exiting 

production systems. A complete set of scenarios for economic analysis needs to be 

considered to fully assess the costs and profits associated with using grafted plants for 

disease management, enhancement of irrigation water and fertilizer use efficiency, and 

yield improvement.  Furthermore, the cost effectiveness of grafted vegetable production 

is expected to increase as future development of vegetable grafting research leads to 

reduced costs of rootstock seeds and grafted transplants. 
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Table 9-1.  Estimated costs of production of grafted and non-grafted tomato transplants 

Item 

Grafted  Nongrafted 

Labor
y
 Material Labor

y
 Material 

($/1000 plants)
x
 ($/1000 plants)

x
 

Seeds      

    Scion (‘Florida 47’)  83.26   74.94 

    Rootstock (‘Beaufort’ or ‘Multifort’)  254.41    

Seedling production      

    Potting soil  19.00   9.50 

    Flats
w
  16.72   7.31 

    Seed sowing and care 92.95   59.15  

Grafted transplant production      

    Grafting
v
 46.94     

    Silicon clips  46.66    

    Miscellaneous supplies  8.00    

    Post-graft care 21.13     

Healing chamber
u
      

    Humidifier  5.49    

    Air conditioner  31.80    

    Building supplies  26.86    

    Assembly 16.90     

Subtotal 177.92 492.20  59.15 91.75 

Total 670.12   150.90  

Cost/plant 0.67   0.15  
   zAdapted from Barrett et al., (2012b) 
    y$8.45/h pay wage for all labor. 
   xEstimate of costs based on Spring 2012 prices for a target 1000 grafted transplants. 
  w128-cell count transplant flats, straight line depreciated for 5-years estimated use. 
   v200 plants/grafter per hour graft rate. 
  uStraight-line depreciated for 5-years estimated use. 
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Table 9-2.  Estimated costs per acre needed to produce transplants of non-grafted 
‘Florida 47’ (FL) and ‘Florida 47’ grafted onto ‘Beaufort’ (FL/BE) and ‘Multifort’ 
(FL/MU). 

Treatment 
Labor 
costs 

Materials 
costs 

Total 
transplant 

costs 
Added costs relative to 

non-grafted plants 

 ($/acre) 

  

FL 343.54 532.88 876.42 0.00 

FL/BE 1,033.36 2,858.69 3,892.05 3,015.63 

FL/MU 1,033.36 2,858.69 3,892.05 3,015.63 
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Table 9-3.  Estimated costsz per acre needed to produce, harvest, and market ‘Florida 
47’ tomatoes with raised-bed polyethylene mulch system in the spring 
seasons of 2010 and 2011 in Live Oak, FL.  

Operation 

2010 2011 2010 2011 

($/acre) ($/25-lb Carton) 

Fertilizer and Irrigation Costs   

    Fertilizer 617.61 617.61   

    Irrigation Tubing 107.50 107.50   

    Pumping Costs 8.59 8.59   

    Labor Cost 12.77 12.77   

    Total Fertilizer and Irrigation Costs 746.47 746.47   

Operating Costs     

    Transplants 876.43 876.43   

    Fumigant 675.00 675.00   

    Fungicide 264.45 264.45   

    Herbicide 45.35 45.35   

    Insecticide 520.17 520.17   

    General Farm Labor 186.62 186.62   

    Machenery Variable Cost 1,095.28 1,095.28   

    Tractor Driver Labor 373.77 373.77   

Miscellaneous Costs     

    Tie Plants 145.20 145.20   

     Scouting 35.00 35.00   

     Plastic Mulch 330.00 330.00   

     Stakes 112.00 112.00   

     Plastic String 100.00 100.00   

     String, Stake and Mulch Disposal 342.80 342.80   

     Farm Vehicles 33.34 33.34   

     Interest on Operating Capital 296.21 296.21   

Total Operating Costs 6,178.09 6,178.09   

Fixed Costs     

     Land Rent 300.00 300.00   

     Machinery Fixed Cost 235.94 235.94   

     Farm Management and Overhead 3,072.74 3,072.74   

Total Fixed Cost 3,608.68 3,608.68   

TOTAL PREHARVEST COSTS 9,786.77 9,786.77 6.72 6.41 

Harvest and Marketing Costs     

Tomato Carton 1,092.00 1,144.50 0.75 0.75 

     Sell 218.40 228.90 0.15 0.15 

     Pack 2,402.40 2,517.90 1.65 1.65 

     Harvest and Haul 1,092.00 1,144.50 0.75 0.75 

     Organization Fees 131.04 137.34 0.09 0.09 

Total Harvest and Marketing Cost 4,935.84 5,173.14 3.39 3.39 

Total Cost 14,722.61 14,959.91 10.11 9.80 
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z

Costs of fertilizer, irrigation, and other preharvest operations for a 1-acre tomato field 
were calculated based on information provided by suppliers, Pitts et al., (2002), and 
estimated production costs in the Manatee/Ruskin area, 2008-2009, University of 
Florida Center for Agribusiness (Agribusiness). 
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Table 9-4.  Average marketable tomato fruit yields, harvest-related costs, gross returns 
for non-grafted and grafted ‘Florida 47’, and the change in the harvest costs 
and gross returns relative to non-grafted treatment during the spring seasons 
of 2010 and 2011 with raised-bed polyethylene mulch system in Live Oak, FL. 

Treatmentz 

Average 
marketable 
fruit yield 

(25-lb 
cartons/acre) 

Total 
estimated 
harvest 
costs 

Harvest 
cost 

relative to 
non-

grafting 
Gross 
returns 

Gross 
returns 

relative to 
non-

grafting 

 ($/acre) 

   

 2010 

FL 1,457 4,935.84 0.00 15,948.89 0.00 

FL/BE 2,024 6,857.45 1,921.61 22,158.09 6,209.20 

FL/MU 1,890 6,405.38 1,469.54 20,697.35 4,748.45 

  

 2011 

FL 1,526 5,173.14 0.00 18,235.93 0.00 

FL/BE 2,166 7,342.33 2,169.19 25,882.56 7,646.64 

FL/MU 2,138 7,249.17 2,076.03 25,554.18 7,318.25 
zFL: non-grafted ‘Florida 47’, FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, and FL/MU:   
‘Florida 47’ grafted onto ‘Multifort’ 
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Table 9-5.  Added costs and reduced returns, total negative effects, reduced costs and 
added returns, total positive effects, and additional net returns incurred by 
grafting ‘Florida 47’ onto ‘Beaufort’ and Multifort’ rootstocks in field production 
of fresh market tomato during the spring seasons of 2010 and 2011 with 
raised bed polyethylene mulch system in Live Oak, FL. 

Treatment
z
 

Added 
cost of 
grafting 

Reduced 
returns of 
grafting 

Total 
negative 
effects of 
grafting 

Reduced 
costs of 
grafting 

Added 
returns 

of 
grafting 

Total 
positive 
effects 

of 
grafting 

Additional 
net returns 
of grafting 
relative to 

nongrafting 

 ($/acre) 

  

 2010 

FL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

FL/BE 4,937.24 0.00 4,937.24 0.00 6209.20 6209.20 1271.96 

FL/MU 4,485.17 0.00 4,485.17 0.00 4748.45 4748.45 263.28 

               

 2011 

FL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

FL/BE 5184.82 0.00 5184.82 0.00 7646.64 7646.64 2461.82 

FL/MU 5091.66 0.00 5091.66 0.00 7318.25 7318.25 2226.59 
zFL: non-grafted ‘Florida 47’, FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, and FL/MU: 
‘Florida 47’ grafted onto ‘Multifort’ 
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Table 9-6.  Comparisons of estimated gross returns, costs of transplants, harvest, and 
other production operations and marketing, and total net returns between field 
production of grafted and non-grafted ‘Florida 47’ in Live Oak, FL. 

Treatment 
Gross 
returns 

Transplant 
costs 

Harvest 
costs 

Other 
production 

and 
marketing 

costs 
Total net 
returns 

Additional 
net returns 
relative to 

nongrafting 

    ($/acre)   

   
 2010 

FL 15,948.89 876.43 4,935.84 8,910.34 1,226.29 0.00 

FL/BE 22,158.09 3,892.06 6,857.45 8,910.34 2,498.24 1,271.96 

FL/MU 20,697.35 3,892.06 6,405.38 8,910.34 1,489.57 263.28 

             
 2011 

FL 18,235.93 876.43 5,173.14 8,910.34 3,276.02 0.00 

FL/BE 25,882.56 3,892.06 7,342.33 8,910.34 5,737.84 2,461.82 

FL/MU 25,554.18 3,892.06 7,249.17 8,910.34 5,502.61 2,226.59 

FL: non-grafted ‘Florida 47’, FL/BE: ‘Florida 47’ grafted onto ‘Beaufort’, and FL/MU: 
‘Florida 47’ grafted onto ‘Multifort’ 
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CHAPTER 10 
GENERAL CONCLUSIONS 

Review and Synthesis of Findings 

In addition to the cultural practices currently used in the BMP program, sustainable 

practices are still needed in order to further enhance fruit yield while reducing the 

potential for N leaching in the tomato production systems in Florida especially in sandy 

soils. Using vigorous interspecific tomato hybrid rootstocks, this research project was 

performed to determine the potential of grafting as an economically viable practice to 

optimizing water and N management in tomato production in sandy soils in Florida.  

A preliminary study was conducted with the determinate ‘Florida 47’ tomato 

grafted onto four interspecific rootstocks including ‘Beaufort’, ‘Maxifort’, ‘Multifort’, and 

‘RST-04-105’ under greenhouse conditions with sufficient water and nutrient supplies. 

Overall, the use of rootstocks resulted in an increase of total marketable fruit yield by up 

to 66% as compared with non-grafted scion plants (Chapter 3). The improved total 

marketable yield by ‘Beaufort’, ‘Maxifort’, and ‘Multifort’ was attributed to increased 

number of fruit per plant, while higher average fruit weight was the main contributing 

factor in plants grafted onto ‘RST-04-105’. Self-grafting of ‘Florida 47’ resulted in similar 

yield as the non-grafted scion control. In addition to yield improvement, enhanced 

uptake of N, P, K, and Ca was also observed in grafted plants. However, the 

enhancement in nutrient accumulation was largely related to increased biomass 

accumulation rather than higher nutrient concentration (on a dry weight basis). 

A follow-up 2-year study with ‘Florida 47’ grafted onto two selected rootstocks 

‘Beaufort’ and ‘Multifort’ under combinations of two irrigation regimes and six nitrogen 

fertilization rates in field conditions demonstrated that the use of interspecific rootstocks 
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in field production of tomato in sandy soils significantly improved fruit yields as 

compared to the non-grafted plants (Chapter 5). Grafting with the two interspecific 

tomato hybrid rootstocks also led to significant enhancement in irrigation water and 

nitrogen use efficiency in contrast to the non-grafted plants. Furthermore, plant growth, 

nitrogen use and nitrogen uptake efficiency, and root length density were also improved 

by grafting ‘Florida 47’ tomato onto these two interspecific rootstocks (Chapter 6). Our 

estimation of the Crop Nutritional Requirement for N for grafted tomato plants 

demonstrated that estimated minimum N rates needed to maximize the marketable fruit 

yields were consistently higher with grafted plants as compared to the non-grafted 

plants, irrespective of the irrigation regimes (Chapter 7). These results indicated that 

enhancement in vigor and fruit yield is to some extent at the expense of greater nutrient 

demands especially nitrogen. With the higher sink strength (higher number of fruit per 

plant and average fruit weight) in grafted plants than that in the non-grafted plants, it is 

expected that the production of the source of assimilates will increase to maintain the 

higher level of the sink strength.  

We have also attempted to examine the economic feasibility of using grafted 

tomato transplants in the current production system of fresh-market tomato in sandy 

soils in Florida. Based on the results of the partial budget analysis, it appeared that 

although grafting increased the total cost to produce, harvest, and market tomato fruit, 

the resulting increase in marketable fruit generated significant gross return to offset 

costs associated with the use of grafted transplants and increased profitability as 

compared to non-grafted transplants (Chapter 9).  
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In another greenhouse study aiming at exploring the underlying physiological basis 

for enhanced plant vigor and fruit yield, the interspecific rootstocks ‘Beaufort’ and 

‘Multifort’ showed no consistent effects on nitrogen assimilation measurements 

including levels of nitrate reductase activity, nitrate, organic nitrogen, amino acids, and 

soluble proteins as compared to those of the non- and self-grafted plants. Similarly, no 

clear patterns in the levels of endogenous hormones including auxin, cytokinins, and 

gibberellic acids were also observed (Chapter 4). With respect to fruit quality attributes 

such as soluble solids content, titratable acid, and levels of vitamin C, carotenoids, and 

phenolics, no major differences were observed between grafted and non-grafted plants, 

although grafting with the interspecific rootstocks increased the fruit moisture content.  

Meanwhile, seasonal variations of the fruit quality attributes appeared to be much 

greater than the rootstock effects (Chapters 3 and 8).  

Results from this project demonstrated the great potential for using vigorous 

interspecific hybrid tomato rootstocks as a cost-effective tool to improve plant growth 

and fruit yield and to enhance N use efficiency in tomato production in sandy soils with 

no consistently negative influence on the fruit quality attributes.  

Future Work 

More in-depth studies are warranted to include more tomato scion cultivars in the 

field experiments across different locations to further examine the rootstock-scion 

interaction effects on plant growth and fruit yield and develop the recommendations for 

N fertilization and water management in grafted tomato production in sandy soils. In 

addition, future research can be conducted to monitor the movement of nutrients, 

especially nitrate in the soil profile in order to substantiate the impact of grafting with 

vigorous rootstocks on reducing nitrate leaching out of the plant active root zone. 
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Moreover, further research is needed to better elucidate how different rootstocks 

may modify the seasonal variation in nitrate assimilation and to evaluate potential 

rootstock differences in affecting xylem sap flow and changes of growth hormone status 

in grafted plants. Rootstock evaluations in the future also need to differentiate the 

influence of the grafting process per se, if any, from the rootstock effects on the 

physiological modifications in grafted plants.  
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