
ABSTRACT 

PHILBRICK, ASHLEY N. Advancing Chemical and Genetic Resistance-based Approaches for 

the Management of Root-knot Nematodes (Meloidogyne spp.) on Tomato. (Under the direction 

of Dr. Frank Louws and Dr. Adrienne Gorny). 

 

Root-knot nematodes (RKNs), Meloidogyne spp., are considered the most economically 

damaging genus of plant-parasitic nematodes. This is mainly due to their broad host ranges, wide 

geographic distribution, and overall aggressiveness. There are approximately 100 species of 

RKNs; Meloidogyne incognita, M. arenaria, M. hapla, and M. javanica are the most commonly 

occurring worldwide. However, M. enterolobii is becoming an emerging threat to many crops 

throughout the world. Most of the reductions in yield and product quality associated with RKNs 

in North Carolina are caused by M. incognita and, more recently, M. enterolobii. RKNs infect 

many important crops including tomatoes, sweetpotatoes, soybean, and pepper. Management of 

RKNs rely on methods including sanitation, crop rotation, chemical control, and genetic 

resistance. Chemical nematicides are considered one of the most effective ways to manage 

RKNs; however due to environmental and health concerns, many of the fumigants previously 

used for RKN management, such as methyl bromide (an ozone depleting substance), have been 

or are currently being phased out. Alternately, genetic resistance is considered the most 

environmentally friendly way to manage RKNs; however current genetic resistance in tomato, 

mediated by the Mi gene, does not confer resistance to all RKN species. Thus, alternatives to 

fumigant nematicides and novel sources of genetic resistance are critically needed.  Ideally, 

growers should utilize these techniques together as part of an integrated disease management 

system. Two experiments were conducted to evaluate chemical control and genetic resistance as 

management strategies for RKNs by 1) evaluating the non-fumigant nematicide NIMITZ 

(fluensulfone) and grafted tomato plants with resistant rootstock, on root galling severity, RKN 



populations, and tomato yield in the field, and 2) evaluating diverse tomato genotypes for 

resistance to the RKN, M. enterolobii. From these studies, NIMITZ and the use of grafted plants 

were identified as useful alternatives to fumigants to utilize as part of an integrated disease 

management plan and several potentially resistant genotypes to M. enterolobii infection were 

identified.  
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CHAPTER 1 

Literature Review 

Introduction to Root-knot Nematodes 

Plant-parasitic nematodes (PPNs) are microscopic roundworms that feed on plant cells 

and are ubiquitous in agricultural soils. One common feature of PPNs is a stylet, which some use 

to pierce and kill plant cells, such as lesion (Pratylenchus spp.), sting (Belonolaimus spp.), and 

stunt (Tylenchorhynchus spp.) nematodes. Other PPNs use their stylet to pierce and establish 

permanent feeding sites in plant cells, such as root-knot nematodes (RKNs, Meloidogyne spp.) 

and cyst nematodes (Heterodera spp. and Globodera spp.) (Murillo-Williams et al., 2018). Root-

knot nematodes (RKNs) are considered the most economically important genus of plant parasitic 

nematodes (Moens et al., 2009). Root-knot nematodes are widely distributed and have a very 

broad host range of over 2000 plant species- ranging from annuals to perennials and large 

acreage field crops to ornamentals (Agrios, 2005; Bleve-Zacheo et al., 2007; El-Sappah et al., 

2019). Some important crops infected by RKNs include tomatoes, sweetpotatoes, soybean, and 

pepper. RKN infection is one of the leading problems faced by tomato growers (Seid et al., 2015; 

de O Silva et al., 2020). This can have huge implications for the vegetable industry as tomatoes 

are the second most common vegetable in global food production, with potatoes being the first 

(El-Sappah et al., 2019). There are approximately 100 species of RKNs; although the most 

common and widely distributed are: M. incognita, M. hapla, M. arenaria, and M. javanica 

(Moens et al., 2009). However, M. enterolobii is becoming an emerging threat to many crops in 

part due to its expanding geographic distribution and broad host range, but additionally its 

aggressiveness and lack of current genetic resistance (Philbrick et al., 2020). Current genetic 

resistance to RKN strains in tomato is mediated by the single dominant Mi gene which does not 
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confer resistance to M. enterolobii infection. RKN infection results in stunted growth, wilting, 

and characteristic galling or “knots” on the roots. These symptoms can reduce fruit quality and 

ultimately lead to reduced yields (Mitkowski and Abawi, 2003; Agrios, 2005; Moens et al., 

2009). 

 

Life Cycle  

Root-knot nematodes are obligate biotrophs, thus require a host plant to feed and 

complete their life cycle (Bleve-Zacheo et al., 2007).  Additionally, most of their life cycle takes 

place within the host plant as sedentary endoparasites. RKNs begin their life cycle as an egg 

where they undergo the first molt from a first stage juvenile (J1) to second stage juvenile (J2). 

The infective J2 hatches from the egg, then migrates to the root zone, and uses a combination of 

physical damage and secretion of enzymes to penetrate behind the root cap with its stylet. RKNs 

will then establish a permanent feeding site, creating giant cells, and inducing the formation of 

galls. Giant cells are enlarged, multinucleate cells that reallocate water and other nutrients from 

the host plant to the nematode. RKNs begin to swell as they molt an additional three times from 

a J2 to a third stage (J3), fourth stage (J4), then to an adult male or adult female. Adult males 

remain vermiform and are only formed in adverse conditions (extreme soil temperature, 

insufficient water, overcrowding, etc.) and will leave the root system to migrate to another host. 

Adult females remain sedentary and will eventually form as many as 600 eggs which are 

expelled in a protective, gelatinous matrix into the soil for the cycle to repeat, with several 

generations possible within a growing season (Mitkowski and Abawi, 2003; Agrios, 2005; 

Schwarz, 2019).  
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RKNs can reproduce via amphimixis, facultative meiotic parthenogenesis, or obligate 

mitotic parthenogenesis. M. incognita and M. enterolobii both reproduce by obligate mitotic 

parthenogenesis in which the nucleus splits into two daughter nuclei. This mode of reproduction 

results in eggs with the same genetic material as the parent. Since males are not required for 

reproduction and are only formed in adverse conditions, these RKNs are genetically disposed to 

become female. 

 

Identification Methods 

Accurate identification methods are critical for RKN management since they can have 

important implications in developing an appropriate integrated disease management plan. 

Conventional methods, like analyzing perineal patterns and other morphological characteristics, 

have been used in the past to distinguish RKN species. Perineal patterns are the flattened region 

between the anus and vulva of adult females. Morphological characteristics of adult males, adult 

females, and juveniles can also be used to distinguish between species. However, these 

techniques require special expertise and skill for proper identification between species as there 

have been many reports of misidentification through the years.  For example, M. enterolobii was 

first misidentified as M. incognita due to similarities in perineal pattern (Moens et al., 2009). 

Another conventional method is the North Carolina Host Differential test which distinguishes 

RKN species and races by evaluating their response to various host plants (Moens et al., 2009; 

Schwarz, 2019). However, some recommend abandoning this technique due to the broad host 

range of RKNs (Moens et al., 2009). Advances in molecular techniques have provided new tools 

that are more readily able to identify RKN species.  
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Molecular techniques for distinguishing RKN species include isozyme analysis, 

polymerase chain reaction (PCR), and loop-mediated isothermal amplification (LAMP). Isozyme 

analysis is performed by the staining and visualization of three enzymes (esterase, cellulose 

acetate, and malate dehydrogenase) via electrophoresis. Root-knot nematode species are 

identified by which and how many bands can be detected. An advantage to this technique is that 

it can be utilized with a single adult female. Another effective technique is PCR which amplifies 

specific segments of DNA. By using species-specific primers, segments of DNA that are 

characteristic for each RKN species can be amplified and visualized through gel electrophoresis. 

If a band at the desired size is visible, that RKN species is present. An advantage to this 

technique is that there are many primers available for most RKN species. Additionally, LAMP 

assays have been developed to distinguish the 4 major species of RKN: M. incognita, M. 

arenaria, M. javanica, and M. hapla as well as M. enterolobii (Elling, 2003). LAMP assays use 

4-6 primers that will recognize and amplify regions of the target DNA which can then be 

detected. An advantage to this technique is it can be used to identify species composition in field 

settings due to a faster protocol and easier visualization methods compared to PCR. Each of 

these techniques have advantages and disadvantages but tend to provide more accurate results 

than conventional methods. 

 

Management Strategies  

Spread of RKNs frequently occurs by water, tractors, and other farm equipment, as well 

as infected planting material (transplants, slips) (Agrios, 2005). Since most of the spread of 

RKNs is anthropogenic, sanitation is a key component to manage these nematodes. Sanitation is 

considered a cultural practice which involves preventing the spread of nematodes to non-infested 
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areas. Once RKNs become established in a field, it is not practically feasible to completely 

eradicate them (Schwarz, 2019). Another cultural management practice is the use of crop 

rotation with non-hosts; however, this can be difficult for most growers since they heavily rely 

on crops within RKNs extensive host range (Mitkowski and Abawi, 2003). When appropriate, 

some other cultural methods include the addition of organic amendments to encourage the 

growth of beneficial microorganisms, flooding, and soil solarization, where plastic film is used to 

cover and heat the soil to reduce RKN populations (Agrios, 2005).  

Biologicals can be applied in the form of live microbes or secondary products of 

microbes with nematocidal properties to manage RKN populations. Several species of bacteria 

and fungi are known to have antagonistic effects on RKNs (Mitkowski and Abawi, 2003). For 

example, the bacterium Pasteuria penetrans and fungi Trichoderma harzianum are known to be 

obligate parasites of RKN species; the fungi Dactylella oviparasitica parasitizes the eggs of 

RKNs; and the mycorrhizal fungi Gigaspora and Glomus forms a symbiotic relationship with the 

host plant (Agrios, 2005). However, a problem associated with the use of biologicals is that it is 

often not cost-effective to generate and apply the large quantities of microbes needed for the 

field or efficacy is highly dependent on edaphic soil factors and weather patterns (Mitkowski and 

Abawi, 2003).  

One of the most effective ways to manage RKNs is with the use of chemicals in the form 

of fumigants and non-fumigants (Agrios, 2005). Fumigants are formulated as either a liquid, gas, 

or granular particles that volatilize after application, and move through the open pore space in 

soil as a gas. Some fumigants currently used to manage RKNs are 1,3-dichloropropene (Telone 

II, Dow AgroSciences), metam sodium (Vapam, Cardinal), and metam potassium (K-pam, 

Cardinal). Each fumigant treatment typically allows for sufficient RKN management during a 
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growing season (Agrios, 2005). However, many effective fumigants, such as methyl bromide, 

have been or are currently being phased out due environmental and health concerns (Ristaino and 

Thomas, 1997; Martin, 2003). Non-fumigants are formulated as either a liquid or granule that are 

dissolved in water and are often applied through irrigation systems. Some non-fumigants used to 

manage RKNs are fluensulfone (NIMITZ, ADAMA, Raleigh, NC, United States) and fluopyram 

(Velum Prime, Bayer Crop Science, St. Louis, MO, United States).  

Genetic resistance conferred by the host is the most economically and environmentally 

friendly RKN management strategy (Seid et al., 2015; Hajihassani et al., 2020). For RKNs, 

genetic resistance is defined as a gene or set of genes involved in reducing or preventing 

reproduction (Bleve-Zacheo et al., 2007). In tomato, the most common source of genetic 

resistance is conferred by the single dominant Mi gene (Mitkowski and Abawi, 2003; Bleve-

Zacheo et al., 2007). A total of 10 Mi genes have been identified: Mi-1, Mi-2, Mi-3, Mi-4, Mi-5, 

Mi-6, Mi-7, Mi-8, Mi-9, Mi-HT. However, there are some challenges associated with the 

resistance in the Mi gene. One problem is that this gene is known to break down at high 

temperatures (above 28C°) (Mitkowski and Abawi, 2003; Bleve-Zacheo et al., 2007) at which 

RKNs tend to thrive. Another problem is that currently, only the Mi-1 gene is available in 

commercially available tomato cultivars. Additionally, the Mi gene does not confer resistance to 

the emerging RKN species, M. enterolobii, leaving no known source of resistance to this species 

(Philbrick et al., 2020). It is also important to note that one source of resistance should not be 

over-utilized since it will eventually result in the evolution of RKN populations that can 

overcome this resistance (Barbary et al., 2015).  

Integrated disease management involves the use of multiple strategies to keep plant 

diseases below the economic threshold. The evolutionary arms race occurring between RKNs, 
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and its host plant have a substantial impact on developing durable management plans. RKNs and 

other plant pathogens are constantly evolving ways to avoid detection and enhance virulence to 

the host plant; while the host plant is evolving ways to defend itself. Therefore, integrated 

disease management is key to preventing and managing RKN populations once they’ve been 

established. Due to current challenges with the phasing out of available fumigants, chemical 

control options are restricted and there is limited known genetic resistance in tomato. Thus, there 

is a critical need to evaluate new products and new sources of resistance. This thesis will focus 

on chemical control and genetic resistance further as integral parts of RKN management.   
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CHAPTER 2 

Meloidogyne enterolobii, a Major Threat to Tomato Production: Current Status and Future 

Prospects for its Management 
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Table 2.1. Host ranges of Meloidogyne enterolobii reported worldwide (Rodriguez et al., 2003; 

Brito et al., 2010, Freitas et al., 2017). 
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Table 2.2. Diagnostic methods for the identification of Meloidogyne enterolobii infecting field 

crops. 
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Table 2.2. (continued) 
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Table 2.2. (continued) 
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Table 2.2. (continued) 
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CHAPTER 3 

Evaluating Diverse Tomato Genotypes for Resistance to the Root-knot Nematode 

Meloidogyne enterolobii 

ABSTRACT 

There are approximately 100 species of root-knot nematode (RKN; Meloidogyne spp.), 

but most of the damage and yield loss associated with these nematodes worldwide can be 

attributed to four major species: M. incognita, M. arenaria, M. hapla, and M. javanica. However, 

an emerging threat to tomato production is M. enterolobii. This RKN species is becoming a 

significant concern due to its broad host range, increasing geographic distribution, and 

aggressiveness. Additionally, current genetic resistance in tomato (Solanum lycopersicum), 

mediated by the Mi gene, does not confer resistance to M. enterolobii. Therefore, new sources of 

genetic resistance are critically needed. A total of 31 tomato and wild relative lines were 

evaluated for their response to M. enterolobii infection in the greenhouse through inoculation 

screening trials. Each tomato line was evaluated for root galling severity and nematode 

reproduction by calculating a reproductive factor (RF). Tomato lines were compared to the 

susceptible control, Rutgers tomato. Typically, an RF greater than 1 indicates high reproduction 

and a susceptible interaction. An RF less than 1 indicates low reproduction and a potentially 

resistant interaction. In this experiment, four tomato lines were identified as highly resistant, 

while several others show moderate resistance to M. enterolobii infection. Further testing of 

these lines under field conditions could lead to the identification of novel sources of resistance to 

this highly damaging species of RKN, which could be used as resistant rootstock or be 

introgressed into commercially available tomato species through advanced breeding methods. 
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INTRODUCTION 

Meloidogyne enterolobii (syn. M. mayaguensis), the guava root-knot nematode, was 

originally described by Yang and Eisenback in 1983 infecting the pacara earpod tree in China 

(Yang and Eisenback, 1983). Infection by M. enterolobii results in nutrient deficiency-like 

symptoms (chlorosis, stunting, wilting) and ultimately leads to a reduction in fruit quality and 

yield (Hajihassani et al., 2020). This species is considered subtropical and has been confirmed to 

be present in numerous countries across the world including parts of Asia, Africa, South 

America, Central America, Mexico, and the United States (Philbrick et al., 2020; Ye et al., 

2021). Meloidogyne enterolobii was even detected in a greenhouse as far north as Switzerland 

(Kiewnick et al., 2009). Meloidogyne enterolobii can infect many different plant species and is 

becoming an emerging threat in part due to this broad host range (El-Sappah et al., 2019). Some 

important crops infected by M. enterolobii include tomato, sweetpotato, soybean, and pepper 

(Yang and Eisenback, 1983; Rodriguez et al., 2003; Schwarz et al., 2021). The broad host range 

of M. enterolobii can make management strategies like crop rotation difficult since growers tend 

to rotate with crops within this nematodes host range. Only a few crops, such as peanut, 

grapefruit, and garlic, have been identified as non- or poor hosts for M. enterolobii (Rodriguez et 

al., 2003).  

Because genetic resistance is the most environmentally and economically friendly 

method for managing RKNs, it is an important tactic for many tomato growers (Hajihassani et 

al., 2020). However, current genetic resistance in tomato conferred by the Mi-1 gene is not 

effective in managing M. enterolobii. The Mi genes confer resistance to 3 of the 4 major species 

of RKN- M. incognita, M. arenaria, and M. javanica (Hajihassani et al., 2020). There is a total 

of 10 Mi genes, but currently only Mi-1 is commercially available. The Mi-1 gene was first 
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identified in Solanum peruvianum PI 128657 and was introgressed into S. lycopersicum (Bleve-

Zacheo et al., 2007; Philbrick et al., 2020). Additionally, the resistance conferred by the Mi-1 

gene is known to break down at high soil temperatures (above 28°C) which can be detrimental in 

warmer climates where RKNs are typically found (Mitkowski and Abawi, 2003; Agrios, 2005; 

Bleve-Zacheo et al., 2007).   

There is currently limited knowledge on sources of genetic resistance to M. enterolobii 

infection in tomato, as previous screenings for resistance to this species have been unsuccessful 

in identifying novel sources of resistance (da Silva et al., 2019; de O Silva et al., 2020). Genetic 

resistance to M. enterolobii has been identified in related vegetable crops, such as sweetpotato 

(Schwarz et al., 2021) and pepper (Carillo-Fasio et al., 2020). However, the search for sources of 

resistance to M. enterolobii has expanded to wild relative species of tomato as many have 

displayed resistance to RKNs (Hajihassani et al., 2020).  

Due to its broad host range, expanding geographic distribution, and lack of genetic 

resistance, M. enterolobii is becoming a significant threat to tomato production. Thus, the 

identification of novel sources of resistance to M. enterolobii are critically needed. An 

experiment was conducted in the greenhouse to evaluate diverse tomato genotypes for their 

response to M. enterolobii infection based on root galling severity and reproduction data. Four of 

the lines included in this experiment (Melody, Whitestar, Diamond, and Pion) were previously 

screened and identified as highly resistant to M. enterolobii infection (Hajihassani et al., 2020). 

These lines were used as a positive control to compare the potential resistance observed in this 

experiment.  
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MATERIALS AND METHODS 

Tomato Germplasm 

Thirty-one unique tomato and wild relative species were selected for this experiment 

based on reports for resistance to other RKN species (Table 3.1). Many of the lines contain the 

Mi gene. Seeds were obtained from four different sources: ‘LA’ lines were obtained from UC 

Davis’s Tomato Genetics Resource Center, ‘PI’ lines were obtained from USDA ARS 

Germplasm Resources Information Network, ‘NC’ lines were obtained from Dr. Reza 

Shekasteband at NC State University, and the lines Melody, Whitestar, Diamond, and Pion were 

obtained from Dr. Abolfazl Hajihassani at University of Florida.  

Planting 

Seeds were soaked in a 1% bleach solution (7.03% available chlorine) for 30 minutes, 

rinsed thoroughly, and sown directly into potting mix (Sun Gro Horticulture growing mix) in 

germination trays. Germination trays were maintained in the greenhouse which was kept at 28°C 

or higher, plants were watered daily, and there was no supplemental lighting. Five weeks after 

sowing, plants were transplanted into individual ‘Cone-tainer’ pots filled with a steam sterilized 

1:1 soil:sand mixture. Plants were allowed three days to recover prior to inoculation.   

Inoculum Preparation and Inoculation of Plants 

To prepare the inoculum, culture tomato plants maintained in the greenhouse were 

extracted for eggs using the 10% NaOCl method described by Hussey and Barker (1973). 

Briefly, plant roots were soaked in a 10% bleach solution for 45 seconds and were poured over a 

stack of sieves (top to bottom: 250µm, 75µm, 25µm). RKN eggs can pass through to the bottom 

collection sieve (25µm) while larger particles, such as root material and soil cannot. Plant roots 

were broken down by hand on the top sieve (250µm), while continuous water flow ensured 
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proper extraction of all eggs and wash them to the bottom sieve (25µm). A wash bottle was used 

to rinse the eggs into a tube with 35mL of water. Following extraction, approximately 15mL of a 

70% sucrose solution was added to separate any remaining debris from the eggs by centrifuge for 

10 minutes. This step allowed the eggs to float to the top of the solution while heavy debris, such 

as soil particles, was spun down to the bottom of the tube. Eggs were decanted from the sucrose-

egg solution, collected again on the 25µm sieve, and were resuspended in 50mL of water. Eggs 

were counted using an inverted microscope (Nikon Instruments, Inc., Melville, NY) to calculate 

the correct volume of solution to inoculate each plant with approximately 2500 eggs.  

To inoculate, eggs were pipetted directly into the soil at the base of each plant. Plants 

were fertilized with Osmocote® Smart-Release Fertilizer and were placed inside a BugDorm-

6E1020 insect rearing cage in the greenhouse in a randomized block design. Due to the known 

presence of whiteflies in the greenhouse, plants were placed in this cage to prevent these insects 

from feeding on and transmitting other diseases to these plants. For each line, 5 plants 

(replications) were inoculated with eggs and 1 plant per line was not inoculated. The tomato 

cultivar Rutgers was used as a positive control due to its known susceptibility to M. enterolobii. 

Plants were assessed for disease 90 days post-inoculation and the experiment was conducted in 

the greenhouse twice (July - November 2021 and February – June 2022).  

Disease Assessment 

At 90 days post-inoculation, plants were carefully removed from ‘Cone-tainer’ pots, and 

the roots were rinsed thoroughly with tap water to remove soil particles. The root system of each 

plant was scored visually for root galling severity using a variation of the Zeck scale (Zeck, 

1971) (Figure 3.1), in which a percentage of total root area infected by galling was assigned, 

thus allowing for greater flexibility when scoring for galling severity. Eggs were extracted from 
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individual root systems and separated from remaining debris using the same procedure as 

described above for preparing inoculum. To calculate the number of eggs in each sample, a 

500µL aliquot was pipetted from the 50mL tube to a counting tray where eggs were counted 

using an inverted microscope. This was done three times to obtain an average number of eggs 

per 500µL of solution for each sample. To estimate the total number of eggs within the 50mL 

sample, or the total number of eggs extracted from each plant, the average number of eggs was 

multiplied using the following equation: 

Total # of Eggs per Plant = 
# 𝑜𝑓 𝐸𝑔𝑔𝑠 𝐶𝑜𝑢𝑛𝑡𝑒𝑑

500 µ𝐿
×

1000 µ𝐿

1 𝑚𝐿
× 50𝑚𝐿 

This allowed us to calculate the reproductive factor (RF) for each plant: 

Reproductive Factor (RF) = 
𝐹𝑖𝑛𝑎𝑙 𝑁𝑒𝑚𝑎𝑡𝑜𝑑𝑒 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑃𝑓)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑁𝑒𝑚𝑎𝑡𝑜𝑑𝑒 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑃𝑖)
 

In this equation, the final nematode population (Pf) is the total number of eggs in the sample 

after extraction and the initial nematode population (Pi) is the number of eggs the plants were 

inoculated with (in this case, 2500). An RF greater than one indicates that nematodes are 

reproducing at a high rate and this plant is susceptible. An RF less than one indicates that 

nematodes are reproducing at a lower rate and this plant is potentially resistant. Lines were 

scored as either resistant or susceptible based on the galling severity and RF.  

Statistical Analysis  

Root galling severity and RF data were subjected to an analysis of variance (ANOVA) 

using RStudio, (v. 3.6.2, R Core Team 2019). Where significant differences where identified, 

means were separated using Fisher’s Least Significant Difference test (function ‘LSD.test’ 

within the ‘agricolae’ package).  Data from the two replicate trials were analyzed separately.  
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RESULTS 

In the first trial, there was a highly significant difference in root galling severity between 

lines (P < 0.0001) with 15 lines showing significantly less galling than the susceptible control, 

Rutgers (Table 3.1). There was also a significant difference in the RF value between lines (P < 

0.05) with 6 lines showing significantly less reproduction than Rutgers and 18 lines with an RF 

value less than one (Table 3.1). A total of 8 lines: Melody, Whitestar, Diamond, Pion, NC 161L, 

PI 211840, PI 265957, and PI 415128 showed both significantly less galling when compared to 

Rutgers and an RF value less than 1. This indicates these lines are resistant to M. enterolobii 

infection. The lines PI 128657 (original source of Mi-1) and PI 126443 showed the most severe 

root galling, with values of 52% and 58% respectively, but both had RF values less than one. The 

lines Melody and Whitestar showed the lowest root galling severity with values of, 2% and 5% 

respectively and, with RF values close to zero. Rutgers showed a mean root galling severity of 

23% and an RF of 1.65 (Table 3.1). 

In the second trial, there was a highly significant difference in root galling severity 

between lines (P < 0.0001) with 17 lines showing significantly less galling than Rutgers (Table 

3.1). There was also a significant difference in the RF value between lines (P = 0.05) with 7 lines 

showing significantly less reproduction than Rutgers and 5 lines with an RF value less than 1. A 

total of 3 lines (Whitestar, Pion, and PI 211839) showed both significantly less galling and an RF 

value less than 1 when compared to Rutgers, suggesting that these lines are resistant to M. 

enterolobii infection. Due to an unforeseen circumstance in the greenhouse, RF data was not able 

to be collected for 15 of the lines in the second trial. To confirm the conclusions of this 

experiment, these lines will need to be reevaluated. The lines PI 270435 and LA 2157 showed 

the most severe root galling, 86% and 69% respectively. In this case, PI 270435 had an RF value 
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of 1.67, however, like PI 126443 and PI 128657, LA 2157 had an RF value less than 1 (0.53). 

Rutgers showed a mean galling severity of 48% and an RF of 1.91 (Table 3.1).  

Although the first and second trials were statistically analyzed separately, there were 

similar trends in galling severity for each line tested (Figure 3.2). The lines Melody, Whitestar, 

Diamond, and Pion displayed significantly less galling and very low reproduction in both trials; 

While the lines PI 211839, PI 211840, and PI 375937 would be beneficial to include in further 

screening trials based on low galling severity and/or low reproduction during this experiment.   

A higher mean root galling severity was observed on the lines during the second trial 

with 25 of 31 lines demonstrating an average severity value 22% higher than in trial 1. The 

remaining 6 lines had a lower average severity value of 5% (Figure 3.2). The root galling 

severity values on the lines between trial 1 and 2 had Pearson Product Moment Correlation 

coefficient value of 0.43 (P = 0.015). In contrast, the RF for the 16 lines included in both trials 

was not correlated (r = 0.11) with 9 lines that had a higher RF in trial 2 (mean = 1.2 higher) and 

7 had a lower RF (average value is 1.5 lower). Likewise, the galling incidence and the RF value 

for in both trials were not correlated.  

 

DISCUSSION  

Novel sources of resistance to M. enterolobii were affirmed and discovered in these 

greenhouse screening experiments. For example, lines Melody, Whitestar, Diamond, and Pion 

appear to be highly resistant to M. enterolobii infection with an average root galling below 10% 

(Figure 3.3) between both trials and RF values far lower than 1, affirming previous work 

(Hajihassani et al., 2020). These lines were also reported for resistance to the RKN M. 

haplanaria, suggesting that resistance to these two species may be based on the same gene or 
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genes (Hajihassani et al., 2020). Due to the low root galling severity and low RF of these lines, 

the resistance observed likely occurs pre-infection by preventing M. enterolobii to penetrate and 

enter the root system and post-infection by limiting the nematodes development and reproduction 

(Hamidi and Hajihassani, 2020). Nematode penetration and development assays could be 

conducted to confirm this by a series of staining and assessing root systems at different time 

points after inoculation and inspecting root galls for the number of egg laying females. The lines 

Melody and Pion have also been reported for resistance to potato cyst nematodes (Globodera 

spp.) and have shown utility as a trap crop to reduce plant-parasitic nematode populations in the 

field (Dias et al., 2017); therefore, utilizing these lines as trap crops may offer a beneficial 

alternative in fields with high nematode populations. The line PI 211840 had significantly less 

galling (Figure 3.4) in both trials compared to Rutgers and an RF of 0.8 in trial 1 but lacks RF 

data from trial 2. Given this data, it is reasonable to conclude that this line may have moderate 

resistance to M. enterolobii. The line PI 211840 has also been reported to be highly resistant to 

plant-parasitic nematodes and various wilt diseases by the Germplasm Resources Information 

Network (GRIN) and for resistance to diseases such as leaf mold caused by the fungal pathogen 

Cladosporium fulvum and tomato yellow leaf curl virus (TYLCV) (Kerr, 1983; Zakay et al., 

1991). Tomato lines with multiple disease resistance are highly desirable to incorporate into 

tomato breeding programs. The greenhouse issues that arose in trial 2 taper the strength of 

conclusions in cases of missing data, however, these conclusions appear reasonable about the 

overall resistance observed from this experiment.  

Lines PI 211839 and PI 375937 showed some inconsistent results between trials. Both 

lines showed significantly less galling compared to Rutgers in trials 1 and 2 but had a much 

higher RF in trial 1 than in trial 2. Due to this difference, these two lines may benefit from 
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further analysis as having moderate resistance to M. enterolobii infection, and it would be 

productive to circumscribe experimental factors that can help reduce variation from one trial to 

another. Lines PI 126443, PI 128657, and LA2157, exhibited significantly more root galling than 

the susceptible control (Rutgers) but had RF values close to or less than 1. This suggests that 

there may have been an incompatible reaction occurring in these lines where nematodes are able 

to enter the root system, establishing feeding sites, and form galls, but are not able to 

successfully reproduce. Specifically, resistance could be occurring post-infection by limiting the 

movement, development, and reproduction of M. enterolobii (Hamidi and Hajihassani, 2020). 

Nematode penetration and development assays could also be used to confirm this theory. While 

root galling did occur, this interaction could be very useful to investigate further as a source of 

resistance to M. enterolobii in tomato since resistance is often characterized by the ability of the 

host plant to prevent nematode reproduction (Hajihassani et al., 2020). The result also illustrates 

that data on galling severity alone is insufficient to conclude a lines host status, and full 

evaluation of both root galling and nematode egg production is needed. Additionally, the lines PI 

270435 and PI 129152 (Figure 3.5) can be ruled out as candidates for resistance due to the high 

susceptibility to M. enterolobii observed in this experiment.  

One factor that could have attributed to differences observed between trials could have 

been temperature or other environmental factors (light, humidity, etc.) in the greenhouse based 

on the time of year of trials the trials were conducted. The first trial was performed July – 

November 2021, and the second trial was performed February - June 2022. These conditions 

must be taken into consideration as some resistance genes, like the Mi gene, are known to break 

down at high soil temperatures (Mitkowski and Abawi, 2003; Bleve-Zacheo et al., 2007). It is 

unknown how this could have impacted the resistance observed in this experiment as soil 
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temperatures in the greenhouse reached up to 38°C at its hottest. It is important that sources of 

resistance remain effective at high temperatures since many RKN are known to thrive in tropical 

and subtropical regions (Mitkowski and Abawi, 2003; Agrios, 2005; Moens et al., 2009).  

Several of the lines included in this trial would benefit from further testing under field 

conditions. Not only could this account for environmental factors observed in the greenhouse, 

but also show how lines respond to higher nematode populations over a longer period of time 

(Hajihassani et al., 2020). Another component a field trial would offer is yield data to show how 

the resistance observed in these lines effects the overall production of fruit. Determining lines 

resistant to M. enterolobii infection enables future research to identify the genes that confer this 

resistance and incorporate them into commercially available tomato cultivars by grafting with 

resistant rootstocks, traditional breeding methods, or by genetic engineering.  
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Table 3.1. List of tomato and wild relative lines evaluated for response to Meloidogyne 

enterolobii infection. Dashes (-) for Trial 2 indicates unavailable reproductive factor data. Values 

followed by the same letter within the column are not significantly different at the α = 0.05 level. 

Line Species Name 

Root Galling Severity                        

(0-100%) 

Reproductive Factor 

(RF) 

Trial 1 Trial 2 Trial 1 Trial 2  

LA 1221 Solanum lycopersicum 23.0 ghij 48.0 cd 3.04 bc 2.50 abc 

LA 2399 S. lycopersicum 39.6 bcdef 41.6 cde 1.21 bcd - 

LA 2940 S. lycopersicum  41.6 abcde 52.6 bcd 0.96 bcd 2.16 abcd 

LA 2157 S. arcanum 44.0 abcd 68.8 ab 0.69 bcd 0.53 cd 

LA 2172 S. arcanum  18.6 hijk 59.0 bc 3.49 ab 3.71 ab 

NC 109 S. lycopersicum 24.6 fghij 22.4 efg 0.50 cd - 

NC 123S S. lycopersicum  29.0 defgh 50.0 bcd 1.05 bcd - 

NC 161L S. lycopersicum  16.0 hijkl 51.0 bcd 1.00 bcd 2.51 abc 

NC 6GEM S. lycopersicum  21.6 ghijk 51.0 bcd 1.30 bcd 3.81 a 

PI 211838 S. pimpinellifolium 16.0 hijkl 25.8 ef 2.39 bcd - 

PI 211839 S. pimpinellifolium 21.7 ghijk 45.6 cde 3.59 ab 1.03 cd 

PI 211840 S. pimpinellifolium 6.0 kl 39.6 de 0.80 bcd - 

PI 375937 S. pimpinellifolium 14.0 hijkl 43.0 cde 6.11 bcd 1.29 bcd 

PI 128657 S. peruvianum 51.0 ab 59.0 bc 0.73 bcd 1.34 bcd 

PI 129152 S. peruvianum 45.0 abc 53.8 bcd 2.42 bcd - 

PI 270435 S. peruvianum 15.2 hijkl 86.0 a 1.55 bcd 1.67 abcd 

PI 265955 S. lycopersicum 31.0 cdefgh 25.6 ef 2.12 bcd - 

PI 265956 S. lycopersicum 39.3 bcdefg 40.2 cde 0.52 bcd - 

PI 265957 S. lycopersicum 21.0 hijk 56.5 bcd 0.63 bcd - 

PI 319695 S. lycopersicum 25.6 fghij 37.0 de 0.90 bcd - 

PI 349593 S. lycopersicum 28.2 efghi 47.5 cde 1.32 bcd - 

PI 415128 S. lycopersicum 21.4 hijk 44.0 cde 0.80 bcd 2.66 abc 

PI 600919 S. lycopersicum 34.0 bcdefgh 48.3 bcd 0.26 d 2.84 abc 

PI 645203 S. lycopersicum 15.3 hijkl 50.6 bcd 2.80 bcd 0.76 cd 

PI 645267 S. lycopersicum 27.6 efghi 36.2 de 0.77 bcd - 

PI 126443 S. corneliomulleri 58.3 a 46.0 cde 0.57 bcd - 

Diamond S. sisymbriifolium  10.6 jkl 7.0 fg 0.29 d - 

Melody S. sisymbriifolium  2.0 l 7.4 fg 0.01 d - 

Pion S. sisymbriifolium  13.0 ijkl 4.6 g 0.09 d 0.02 d 

Whitestar S. sisymbriifolium  5.0 kl 4.0 g 0.02 d 0.01 d 

Rutgers S. lycopersicum 22.6 ghij 48.0 cd 1.65 bcd 1.91 abcd 
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Figure 3.1. Root galling severity for each plant was assessed using a variation of this scale 

(Zeck, 1971). However, instead of using the 0-10 shown in black, plants were scored using a 

percentage as shown in blue. This allowed more flexibility when scoring for galling severity.  
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Figure 3.2. Mean root galling severity score for each tomato line evaluated in trials 1 (orange) 

and 2 (blue). Values are averages of 5 replicate plants.  Bars represent standard error about the 

mean. The galling severity was 22% higher in trial 2 than trial 1.  
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Figure 3.3. Photos taken from trial 2 showing the roots of highly resistant lines Melody (row A), 

Whitestar (row B), Diamond (row C), and Pion (row D). Limited galling was observed on the 

inoculated plants (right) compared to the non-inoculated control plant (left) for each line. In 

addition to less severe galling, these plants also showed a total root mass similar to the non-

inoculated control plant.  
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Figure 3.4. Photos from trial 2 showing the roots of the moderately resistant line PI 211840 (row 

A) compared to the susceptible control, Rutgers (row B). Significantly less galling was observed 

on lines PI 211840 than Rutgers, this line also had an RF less than 1 in the first trial (RF data 

unavailable for trial 2). The plant on the left shows the non-inoculated control plant with 3 

inoculated plants to the right. In addition to less severe galling, PI 211840 also showed a total 

root mass similar to the non-inoculated control plant.  
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Figure 3.5. Photos from trial 2 showing the root systems of highly susceptible lines PI 270435 

(row A) and PI 129152 (row B). Heavy galling was observed on the inoculated plants (right) 

compared to the non-inoculated control plant (left) for each line. Many of these plants, 

particularly PI 270435, also showed a loss in the total root mass compared to the control plant. In 

addition to severe root galling, these plants also had RF values much higher than 1.  
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CHAPTER 4 

Evaluating the Non-fumigant Nematicide, NIMITZ® (fluensulfone), and Grafted Plants for 

Root-knot Nematode (Meloidogyne spp.) Management on Tomato 

ABSTRACT 

Root-knot nematodes (RKN; Meloidogyne spp.) pose a significant threat to many areas 

where tomatoes are grown. Fumigants, such as methyl bromide, have been used in the past for 

effective management of RKNs. However, due to environmental and health concerns, many of 

these fumigants have been or are currently being phased out. This creates the need for 

alternatives to fumigants for RKN management. Two other options for managing RKNs are the 

use of non-fumigant nematicides and the use of genetic resistance. A field-based experiment was 

conducted over the 2021 tomato growing season to evaluate the use of NIMITZ (fluensulfone, 

ADAMA) and grafted plants with RKN-resistant rootstocks on root galling severity, RKN 

populations, and yield. This experiment showed that grafted plants are very effective in 

managing all factors of RKN infection, while NIMITZ did not reduce root galling severity or 

RKN populations but did increase the total marketable yield. It is recommended that growers do 

not rely solely on one management tactic but utilize multiple tactics together as part of an 

integrated disease management plan. The results of this field trial indicated that grafted plants 

and NIMITZ are useful techniques for managing RKNs in tomato fields- particularly with the 

decline of available, effective fumigant products.  
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INTRODUCTION 

Root-knot nematodes (Meloidogyne spp.) are a significant threat to tomato production, 

with yield losses as severe as 40% reported (Marques de Carvalho et al., 2015). There are several 

methods for reducing RKN infection in the field to keep damage below threshold levels, 

including sanitation, crop rotation, biological control, chemical control, and genetic resistance. 

Chemical control is the application of a chemical nematicide before, at, or after planting with the 

goal of reducing nematode populations. Chemical nematicides are available in the form of 

fumigants and non-fumigants. Fumigants are typically broad-spectrum and are formulated as 

either a liquid, gas, or granular particles (that volatilize), and move through the open pore space 

in soil as a gas. Non-fumigant nematicides typically have a narrower spectrum than fumigants 

and are formulated as either a liquid or granule that are dissolved in water. Some non-fumigant 

nematicides have systemic activity, where the active ingredient is taken up by the plant and 

translocated to other parts of the plant (Grabau, 2016). Chemical nematicides are considered one 

of the most effective ways to manage RKNs in tomato fields; however due to environmental and 

health concerns, many of the fumigants previously used for RKN management, such as methyl 

bromide (an ozone depleting substance), are or have been phased out (Ristaino and Thomas, 

1997; Martin, 2003). Therefore, alternatives to these dangerous chemicals are critically needed. 

Some fumigants still available for RKN management in tomato production include chloropicrin 

(Pic100, Cardinal), 1,3-dichloroproene (Telone II, Dow AgroSciences), and a mixture of these 

two products (PicClor-60, Cardinal). Chloropicrin is not as effective for managing RKNs as 1,3-

dichloropropene and PicClor-60 (Ristaino and Thomas, 1997; Martin, 2003). PicClor-60 is a 

mixture of 40% chloropicrin and 60% 1,3-dichloropropene, and the 1,3-dichloropropene 

contributes to the primary nematocidal activity of the formulation. Due to high toxicity and off-
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target effects associated with broad-spectrum fumigants, they can also be costly, require 

specialized application, are highly volatile, and can result in phytotoxicity (Morris et al., 2016).  

One alternative to fumigants are non-fumigant nematicides, such as NIMITZ 

(fluensulfone), which have lower mammalian toxicity, allowing for safer application (Morris et 

al., 2016). However, there have been many inconsistent reports on the efficacy of NIMITZ for 

the management of RKNs in tomato. Morris et al. (2016) reported efficient managements of 

RKNs by both drip and foliar applications of fluensulfone, while others have reported positive 

results only when NIMITZ was applied in combination with a fumigant compared to just the 

fumigant alone (Castillo et al., 2017). Other reports have found the fumigant, 1,3-

dichloropropene, to be more effective than NIMITZ for managing RKNs (Driver and Louws, 

2010). Therefore, further examination of the efficacy of this product is needed.  

Another alternative to fumigants is genetic resistance, which is the most environmentally 

friendly method to manage RKNs (Seid et al., 2015; Hajihassani et al., 2020). Genetic resistance 

can be employed through the use of resistant cultivars as well as grafting with resistant rootstock. 

Grafting is a technique used to join two parts from different plants, so they grow as one single 

plant (Bilderback et al., 2014). The primary objective of grafting tomato plants is to provide 

resistance to soilborne pathogens (King et al., 2008; Louws et al., 2010; Ingram et al., 2021). 

This can be achieved by grafting the top portion of a plant (scion) to a resistant rootstock. Often 

the scion is chosen due to its desirable fruit qualities, such as flavor and appearance. Grafting 

plants with resistant rootstocks has been successfully utilized in the past on tomato and other 

vegetable crops (Ioannou, 2001; Lopez-Perez et al., 2006; King et al., 2008). The use of grafted 

plants is also becoming more economically competitive; as the price of fumigant products is 

increasing, the price of grafted plants is decreasing (Barrett et al., 2012). Although genetic 
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resistance for RKNs is species-dependent since the Mi gene only confers resistance to 

Meloidogyne incognita, M. arenaria, and M. javanica, it is a useful technique for locations 

where these species are a problem. To examine these fumigation alternatives further, an 

experiment was conducted to evaluate the use of the non-fumigant nematicide, NIMITZ, and 

RKN-resistant rootstock grafted tomato plants to manage disease caused by RKNs on tomato.  

 

MATERIALS AND METHODS 

 

Experimental Design  

This experiment took place during the 2021 tomato growing season in collaboration with 

a grower-cooperator in north Georgia. In recent years, this grower have noticed increasing RKN 

pressure in areas of the field where they had been absent in previous growing seasons. The 

RKNs present in this field were diagnosed by the North Carolina Department of Agriculture and 

Consumer Services (NCDA&CS) as M. incognita. The treatments consisted of NIMITZ and 

RKN-resistant rootstock grafted plants and were arranged in a randomized block design, with all 

treatments applied within a single row of the field. Two non-treated controls were included in the 

trial, one within the same row as the treated plots (Control A), and another in the immediate 

adjacent row boarding the NIMITZ-treated plots (Control B). These two controls (Control A and 

Control B) only differ by their location in the field but were analyzed separately for this trial. 

Each of these treatments were replicated 4 times. Rows were pre-bedded by the grower on 28 

May 2021 with each plot measuring 50 ft long and 5 ft wide. On 28 May 2021, the fumigant 

product, Chloropicrin 100, was also applied to the entire field and the plastic mulch, totally 

impermeable film (TIF), was laid directly after this application to slow the dissipation of the 

fumigant product. This fumigant was applied to manage other pathogens of tomato present in the 
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field as chloropicrin has minimal nematocidal activity (Ristaino and Thomas, 1997; Martin, 

2003).   

NIMITZ Application 

NIMITZ was applied to plots on 29 June 2021 at a rate of 80 fl oz./Ac through the drip 

irrigation system via a small, pressurized tank system. NIMITZ product was mixed with a total 

of 1.7-gal water and applied at a pressure of approximately 3 PSI over 20 minutes. Because the 

plots were all within the same row and connected via the same drip tape system, to ensure 

NIMITZ was applied only to the correct plots in the field, the drip line was cut at the head of the 

NIMITZ treatment and a connector valve was added to tie in the tank containing the NIMITZ 

solution. An additional cut was made at the end of the treatment area and a butterfly valve in the 

off position was added to prevent the solution from continuing down the drip line to other 

treatments. Once NIMITZ had been applied to each treatment, the drip irrigation system was 

flushed with water for 15 minutes and was repaired to enable regular water flow. Applications 

were done a total of 4 times for each replication within the same day.  

Planting  

Planting for this trial took place on 12 July 2021 by a mechanical transplanter with the 

exception of the grafted plants, which were planted by hand. The tomato cultivar Loretta (Bejo 

Seeds, Inc.) was used with a total of 12 plants per plot. Loretta does not contain the Mi-1 gene, 

which confers resistance to M. incognita. Since the grower preferred to grow certain cultivars 

(Loretta, Scarlet Red, and Plum Regal) which do not contain the Mi-1 gene, grafted plants with 

resistant rootstocks (Mi-1 gene) were also included in this trial. For grafted plants, the tomato 

cultivar Loretta was grafted onto the resistant rootstock Beaufort (De Ruiter, Now Bayer Crop 

Science). Grafting was done by TriHishtil, Mills River, NC.  
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Soil Sampling  

Soil samples were collected on 5 November 2020 to obtain RKN population data for this 

field prior to treatment. This pre-season sample was collected before beds were formed, so bulk 

soil samples were collected by estimating the placement of each replication. However, because 

these soil samples were bulked by replication, they do not represent each individual treatment, 

only the entire replication. Therefore, RKN populations do not differ for the NIMITZ and grafted 

treatments, or Control A within the same replication since they were located within the same 

sample. Soil samples were collected again on 23 September 2021 at harvest. These soil samples 

were collected to represent each individual treatment and replication. All samples were sent to 

the NCDA&CS Nematode Assay Laboratory, in Raleigh, NC for processing to obtain nematode 

counts.    

Harvest and Disease Assessment 

Beginning on 23 September 2021, tomato fruit was harvested from each plot 3 times, 

approximately 1 week apart. For the first two harvests, tomatoes were harvested if they were red 

in color or at the ‘breaker stage’ where the fruit shows the first signs of changing color. At the 

last harvest, all fruit was harvested regardless of color. After each harvest, tomatoes were sorted 

by USDA standards (small, medium, large, extra-large, and jumbo) or as unmarketable and were 

weighed. The data for each size was combined to obtain a total marketable yield for each 

treatment and replication.  

At the last harvest, three plants from each plot were dug from the ground, the stem and 

foliage were trimmed off, and the root system was brought back to the lab. The root system of 

each plant was rinsed thoroughly with tap water to remove soil particles and was scored visually 

for root galling severity using a variation of the Zeck scale (Zeck, 1971). 
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Statistical Analysis 

Root galling severity, RKN populations, and yield data were subjected to an analysis of 

variance (ANOVA) using RStudio, (v. 3.6.2, R Core Team 2019). Where significant differences 

where identified, means were separated using Fisher’s Least Significant Difference test (function 

‘LSD.test’ within the ‘agricolae’ package). RKN population data was log transformed (log(x+1)) 

prior to analysis to normalize data because nematode populations were skewed. Due to flooding 

on the edge of the field where the first replication was located (Figure 4.1), ANOVA was 

performed with and without the first replication to get a more accurate representation of the data 

from this experiment. 

 

RESULTS 

Table 4.1 shows the root galling severity, RKN population at harvest, and the total 

marketable yield for each treatment with the data from replication 1 included. When the first 

replication was included in analysis, there was no significant difference observed in galling 

severity between treatments (P > 0.1). However, when the first replication was removed, there 

was a moderately significant difference observed in root galling severity between treatments (P < 

0.01). The NIMITZ treatment and Control B were found to have significantly more galling than 

Control A and the grafted treatment (Figure 4.2).  

Similar to galling severity, when the first replication was included in analysis, there was 

no significant difference observed in RKN populations at harvest between treatments (P > 0.1). 

However, when the first replication was removed, there was a significant difference observed in 

RKN populations at harvest between treatments (P < 0.05). The NIMITZ treatment and Control 

B were found to have a significantly higher RKN population than Control A, which had a 
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significantly higher RKN population than the grafted treatment (Figure 4.3). No significant 

difference in total marketable yield between treatments was observed (P > 0.1) (Figure 4.4).  

 

DISCUSSION 

Based on the root galling severity data from this experiment, grafted plants had an 

average of less than 5% root galling (Figure 4.2). In addition to reducing root galling severity, 

grafted plants reduced RKN populations, and had the highest numerical yield of all treatments. 

This conflicts with a previous study in which the same rootstock Beaufort did not significantly 

reduce root galling severity or RKN populations compared to non-grafted plants but did 

significantly increase yield, whereas in this study Beaufort was very effective in managing all 

aspects of disease caused by RKNs in this field (Lopez-Perez et al., 2006). Grafting with 

resistant rootstock has been reported to provide resistance for RKNs as well as several other 

major tomato diseases like bacterial wilt (Ralstonia solanacearum), fusarium wilt (Fusarium 

oxysporum), verticillium wilt (Verticillium dahlia), and tomato yellow leaf curl virus (TYLCV) 

(King et al., 2008). Control A also showed significantly less root galling than NIMITZ and 

Control B. Although the distribution of RKNs in the field was accounted for by the randomized 

block design, this could have been attributed to differences in nematode pressure within this 

treatment. This explanation is reflected by the difference in RKN populations observed at harvest 

for both controls- the final RKN population of Control A is significantly lower than Control B 

although they both received no treatment (Figure 4.3) except fumigation with chloropicrin.  

While grafted plants reduced root galling severity, NIMITZ showed high root galling 

severity when compared to non-treated controls. Similarly, grafted plants decreased total RKN 

populations at harvest compared to the other treatments, whereas NIMITZ had the highest RKN 
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population at harvest. NIMITZ has been reported to have relatively fair efficacy for managing 

RKNs while other non-fumigants like Velum Prime (fluopyram) and Vydate L (oxamyl) have 

been reported to have good efficacy. Alternatively, fumigant nematicides like Telone II (1,3-

dichloropropene) and PicClor-60 (1,3-dichloropropene and chloropicrin) have been reported to 

have relatively excellent efficacy for managing RKNs (Gorny and Schwarz, 2020). The fair 

efficacy of NIMITZ is corroborated by this experiment as well as another study which reported 

NIMITZ to reduce RKN damage on sweetpotato when compared to the non-treated control, 

while Velum Prime and Vydate were significantly more effective in reducing RKN damage than 

NIMITZ (Collins et al., 2017). Despite the high root galling severity and RKN population at 

harvest, NIMITZ had a total marketable yield numerically higher than either control, including 

Control A which showed significantly lower root galling and RKN populations at harvest 

compared to NIMITZ. This is similar to other reports that show a numerical increase in yield 

when NIMITZ was applied compared to non-treated controls (Collins et al., 2017; Rosado-

Rivera and Thiessen, 2018). Additionally, the efficacy of NIMITZ is dependent on the host plant 

species. For example, NIMITZ has been reported to be very effective for managing RKNs on 

carrots (Morris et al., 2013; Becker, 2016). NIMITZ does not appear to be the most effective 

non-fumigant nematicide available but does provide some level of protection to the host plant by 

reducing disease caused by RKNs and numerically increasing yield at the end of the season 

(Collins et al., 2017).  

Since NIMITZ was applied prior to planting, this likely subdued RKN populations at the 

beginning of the growing season, letting tomato plants grow and get ‘a head start’ on the 

nematodes. However, over the course of the growing season, NIMITZ began to dissipate from 

the soil, giving the remaining RKNs the opportunity to rebound with an abundance of tomato 
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roots available to infect. Therefore, NIMITZ may be more effective when applied at plant rather 

than pre-plant to reduce the window for nematode populations to rebound (Collins et al., 2017). 

This also explains why the grafted plants had significantly less root galling, RKN populations at 

harvest, and a higher yield than the NIMITZ treatment as genetic resistance offers season long 

management of RKNs.  

Flooding in the field may have had adverse effects on RKN populations as well as tomato 

plant health. Although water is essential for plant and nematode growth, too much water creates 

an anaerobic environment that can be detrimental to plant establishment and nematode 

populations. While RKNs do not breathe oxygen through an advanced respiratory system as 

many other animals do, oxygen is required for processes such as gas exchange through the 

cuticle. This is why flooding can be a useful technique for managing RKN populations (Agrios, 

2005). Plant roots also require oxygen for metabolic processes like nutrient uptake and 

respiration as roots will die without sufficient soil oxygen. Based on the results from removing 

the first replication, the flooding in this section of the field appeared to have a significant impact 

on root galling severity, RKN populations, and tomato yield. Data from the NIMITZ treatment 

and Control A, shows the first replication is very different numerically when compared to the 

rest of the data set (Table 4.2). Thus, taking out the first replication is more representative of the 

effects of each treatment in this study.  

It is not known exactly how these nematodes were introduced to this part of the field, but 

this and other field-based studies highlight sanitation as a key management technique for RKNs. 

Proper sanitation techniques could have prevented the introduction of these nematodes to this 

part of the field (Thiessen, 2018). This also emphasizes the need for integrated disease 

management where several management techniques are utilized. Grafting tomato plants with 
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resistant rootstocks is very effective for managing root galling severity, RKN populations, and 

increasing the total marketable yield compared to no treatment. While NIMITZ may not have 

been successful in effectively reducing galling severity or RKN populations when faced with a 

high nematode pressure, it did numerically increase total marketable yield compared to the non-

treated controls. Thus, both NIMITZ and grafted plants are useful tools to include in the 

integrated disease management toolbox for RKNs, especially with the steady decline of effective 

fumigants. The Covid-19 pandemic interfered with implementing year one of this study, this trial 

was conducted over year two, and the grower had to rotate to another field due to high RKN 

pressure by year three. Therefore, a second year of data could not be secured within the life of 

the grant. 
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Table 4.1. The root galling severity, root-knot nematode (RKN) populations at harvest, and total 

marketable yield showing the variations observed for the first replication due to flooding in the 

field. Two non-treated controls were included in the trial, one within the same row as the treated 

plots (Control A), and another in the immediate adjacent row boarding the NIMITZ- treated plots 

(Control B). 

Treatment  Replication 
Galling 

Severity     

(0-100%) 

RKN 

Population 

at Harvest 

Total 

Marketable 

Yield (kg/ha) 

NIMITZ 1 1.7 90 13557 

2 56.7 12120 23240 

3 32.7 10480 42177 

4 19.3 2440 51214 

Grafted 1 2.3 970 30772 

2 0.3 1000 16785 

3 0.0 10 60683 

4 0.3 10 55948 

Control A 1 80.0 17600 8392 

2 0.3 80 2797 

3 14.3 5450 66493 

4 3.3 480 32063 

Control B 1 48.3 9600 13557 

2 16.0 1800 16569 

3 36.7 6200 40240 

4 43.3 3240 45404 
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Figure 4.1. Photo taken on 23 September 2021, showing the severe flooding that occurred in the 

first replication of treatments included in this trial. This section is located on the edge of the field 

in close proximity to a creek. Photo Credit: A. Philbrick.  
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Figure 4.2. The average galling severity for each treatment with the first replication removed. 

Treatments with the same letter appearing above the bar are not significantly different at the α = 

0.05 level.  
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Figure 4.3. Root-knot nematode populations at harvest for each treatment with the first 

replication removed. Data were log transformed (log(x+1)) prior to analysis to normalize count 

data. Bars represent standard error about the mean. Treatments with the same letter appearing 

above the bar are not significantly different at the α = 0.05 level. 
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Figure 4.4. The total marketable yield for each treatment. Bars represent standard error about the 

mean. Both the grafted plants and NIMITZ treatments had a numerically higher total marketable 

yield when compared to the non-treated controls (Control A and Control B). Treatment groups 

were not significantly different from each other at the α = 0.05 level.  

 

 

 

 

 


