
ABSTRACT 
 
SCHAFF, JENNIFER. Profiling Root Knot Nematode-Tomato Interactions. (Under the 
direction of David McK Bird.) 
 

     Root-knot nematodes (RKN) have a very broad host range, encompassing over 2,000 

plant species. Most agricultural crops are parasitized by at least one species of 

Meloidogyne, causing billions of dollars in crop yield loss worldwide and chemical 

contamination of the environment through judicious use of nematicides. RKN elicit dramatic 

morphological changes in susceptible plants to establish obligatory feeding sites that consist 

of metabolically active, multinucleate giant cells. Giant cells are remarkably similar in very 

different plant species suggesting signals from the nematode interact with fundamental 

aspects of plant cell biology and differentiation. 

     I am interested in the concomitant global changes of host and nematode gene 

expression during RKN pathogenesis. I initiated a microarray experiment using a unique, 

defined set of tomato genes known to be expressed in tomato root tissue. Microarrays were 

interrogated with infected resistant tissue and infected susceptible tissue collected over four 

time points representing subsequent stages of RKN infection and I generated and applied a 

sophisticated looped and interwoven looped designed to facilitate comparison of all these 

tissues. This is the first time that a microarray analysis has been employed to establish host 

responses to nematodes in a natural host, and is first time transcript abundance 

comparisons have been made in the very early time frame following infection and therefore 

gives the first comprehensive glimpse at gene expression during initiation of giant cells and 

during the resistant response. I found that gene expression patterns in a susceptible 

reaction fluctuate significantly around basal, non-infected expression levels and expression 

of genes involved in the resistant response do not fluctuate, but stay regulated in the same 

direction (as compared to non-infected tissue) over the first three days post infection. One 

gene significantly up-regulated (at q<0.05) during a resistant response is a 



glycosyltransferase and was chosen for gene silencing experiments. I found that in absence 

of expression, nematodes are able to establish feeding sites in the plant indicating that this 

gene is part of the necessary resistance pathway in the plant.  

     As well as exploring gene regulation during host response to RKN, I examined gene 

regulation in nematodes during pathogenesis. Nematode transcript analysis using 

microarrays has yet to be established and one reason may be that it is difficult to dissect 

nematodes from root tissue, especially during early hours post infection. I demonstrated that 

transcript and changes in transcripts can be detected using RNA extracted from infected 

root tissue, alleviating the need to dissect out the nematodes.   

     In addition to the microarray analyses, I have analyzed, annotated, and profiled the 

expression of the giant cell library first constructed in 1994. The results reported here 

validate the gene discovery from this library, and expand our knowledge of both host and 

nematode genes regulated during a sophisticated parasitic interaction. 

     The study of plant development and cell biology is of critical importance for the continued 

improvement of crop species and can lead to broad improvements in plant breeding 

programs, yield improvement, and general stress management.  
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Chapter 1: INTRODUCTION 

     As a group, plant parasitic nematodes collectively cause over $100 billion in crop losses 

on a worldwide scale and the vast majority of this damage is caused by sedentary 

endoparasitic forms, particularly Meloidogyne spp. (Sasser and Freckman, 1987; Koenning 

et al., 1999). Sedentary endoparasitic nematodes establish elaborate feeding sites within 

the host root and these may range from slightly altered cortical cells to vascular cells that 

are developmentally altered in their fate and function (Jones, 1981). The feeding sites 

induced by the root-knot (Meloidogyne spp.) nematodes are the most complex, consisting of 

large, multi-nucleate cells termed giant cells. 

     Root-knot nematodes have a very broad host range, encompassing over 2,000 plant 

species (Sasser, 1980). Most agricultural crops are parasitized by at least one species of 

Meloidogyne (Sasser, 1980). The feeding site of the root-knot nematode (RKN) is initiated 

after the infective second-stage juvenile (Figure 1a) has penetrated behind the tip of the 

host root in the zone of elongation, and migrated (Figure 1b) to the developing vascular 

cylinder. It is not clear exactly how the nematode elicits the change in the developing plant 

cells (Figure 1c), but it has been hypothesized that feeding sites are induced through 

glandular secretions injected via the nematode stylet into several root cells surrounding the 

anterior end of the nematode (Christie, 1936; Hussey, 1989). The 6-10 giant cells (Figure 

1d) form within or near the developing vascular cylinder and become the permanent, 

Clockwise from the top: RKN hatch as second 
stage juveniles (1a) in the soil. They infect host 
root tips, usually behind the root cap and migrate 
(1b) to the developing vascular stele where they 
initiate their feeding site (1c). Figure 1d is a cross 
section through a typical feeding site. 
Approximately 4 weeks after infection, swollen 
RKN females (1e) lay eggs in a gelatinous mass 
on the root surface and the process starts again. 
Micrographs are a courtesy of Allen Bird (1a, 1d, 
and 1e); Burt Endo (1b); and Manuel Mundo 
Ocampo (1c). 

Figure 1a-1e: Life Cycle of RKN 
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obligatory feeding site of RKN. Giant cells undergo repeated nuclear divisions without 

cytokinesis. The nuclei are large and highly endoreduplicated, and may contain 14-16 times 

more DNA than do normal root tip nuclei (Jones and Northcote, 1972; Jones, 1981; Wiggers 

et al., 1990). The giant cells become greatly enlarged, increased numbers of cellular 

organelles accumulate, and the cytoplasm becomes very dense and granular. The 

metabolically-active giant cells act as nutrient sinks to provide food to the developing 

nematode (McClure, 1977; Huang, 1985). One characteristic feature of root-knot nematode 

giant cells is the highly invaginated and thickened cell walls, (apparent in Figure 1d) that are 

similar to cell walls observed in transfer cells (Jones, 1981). With the commencement of 

feeding, the RKN becomes sedentary and are dependent upon the giant cells for its survival 

and eventual reproduction (Figure 1e). It has also been demonstrated that the maintenance 

and integrity of giant cells depends on continuous stimulation by RKN (Bird, 1962). 

 RKN not only initiates feeding sites, but also affects global plant processes. Loveys and 

Bird (1973) reported that high inoculum levels of M. javanica on tomato caused a decline in 

the photosynthesis rate within two days after inoculation. They also established that root-

knot infection influenced not just the roots, but affected the whole plant by demonstrating 

that pruning the apical meristem of tomatoes increased the photosynthetic rate of uninfected 

plants, but had no effect on infected plants. Water relations are also affected by infection of 

RKN. Meon et al., (1978) found that water flow in infected tomato roots decreased with 

increasing inoculum, and it is commonly accepted that under drought conditions, infected 

plants are unable to take up sufficient water to avoid wilt and damage. Respiration is also 

affected by RKN infection, although differences in respiration seem to depend on specific 

host/species interactions and age of infection. Myuge (1956) reported that respiration of 

RKN galls on cucumber was three times greater than that of uninfected tissue. Owens and 

Rubinstein (1966) found that galls from 40-day old tomato plants respired at a lower rate 

than did un-infected tissue, and galls from 70-day old tomato plants respired more than 
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uninfected tissue. It is clear that the global impact of RKN on the plant has been known for 

many years, but how and why basic plant processes are affected still remains mostly 

elusive.  

     Lohar and Bird (2003) provided additional evidence that global gene regulation occurs 

during RKN infection. They established that Lotus japonicus har1-1 mutants have a similar 

phenotype upon infection of RKN as they do when inoculated with rhizobia; roots 

hypernodulate (Woperis et al., 2000) and hyperinfect. Nearly twice as many galls formed on 

the har1-1 mutants than did on the wild-type plant. Lotus har1-1 mutants produce an 

increased number of shortened, lateral roots in the absence of rhizobia, described as bushy 

root system (Wopereis et al., 2000). In addition to hypernodulation, there is inhibition of root 

and shoot growth when these mutants are inoculated with a compatible strain of rhizobia. 

Importantly, the mutant phenotype is restored when har-1 activity is present in the shoot. 

Krussel et al., (2002) and Nishimura et al., (2002) suggest that HAR-1 may interact with a 

root derived signal in the shoot, and that the interaction induces a feed back regulation of 

nodulation and lateral root formation. This demonstrates that the har1-1 phenotype is shoot 

controlled and provides further evidence that RKN infection affects (or is affected by) global 

gene regulation in the plant. 

     Plant gene expression patterns are altered during nematode feeding site initiation (Bird et 

al., 1994; Gheysen and Fenoll, 2002; Sijmons, 1994). Up-regulation of nonspecific plant 

defense genes are detected only 12 hours post infection (Williamson et al., 1994; 

Williamson and Hussey, 1996). Activated defense genes include peroxidases, chitinases, 

extensins, and proteinase inhibitors. Callose or lignin may also be deposited as a physical 

barrier along the cell wall (Balhadère and Evans, 1995). Many non-specific defense genes 

are activated in both resistant and susceptible responses, albeit with differences in levels 

and timing (Gheysen and Fenoll, 2002). Among the many genes up-regulated in nematode 

feeding sites are cell cycle related genes (Almeida-Engler et al., 1999; Niebel et al., 1996), 
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and cell wall related genes including those encoding for extensions (Niebel et al., 1993) and 

pectinacetylesterases (Vercauteren et al., 2002). 

     In addition to these classes of genes, phyto-hormones are also an important group of 

root development regulators that previous studies have linked in RKN-host plant relations 

(Viglierchio and Yu, 1968; Bird, 1974; Jones, 1981). Recent histological evidence using the 

auxin-inducible promoter element fused to the GUS gene reveal high concentrations of 

auxin in feeding sites and gall tissue immediately surrounding the giant cells compared to 

uninfected root tissue (Hutangura et al., 1999; Karczmarek et al., 2004). Histological 

evidence using auxin-inducible promoter element::GUS and cytokinin-responsive promoter 

ARR5::GUS and ARR5::GFP fusions also indicates that, like in the development of 

nematode induced feeding sites, both auxin and cytokinins plays a role in development of 

nodules (Mathesius et al., 1998; Lohar et al., 2004). 

     Based upon the  biology of the giant cells, it is easy to see why genes related to cell 

cycle control, cell wall formation, and hormone function seem attractive to study as they are 

obvious candidates for causing morphological differences observed in giant cells relative to 

uninfected root tissue. Other tactics to identify genes differentially expressed have relied on 

in situ hybridizations (Goellner et al, 2001, Lohar et al., 2004, Gal et al., 2006) and promoter 

trapping strategies (Barthels et al., 1997; Favery et al., 2004). Gheysen and Fenoll (2002) 

provide a detailed review of many of these genes, including approximately 50 genes known 

to be up-regulated in giant cells and a few that are repressed.   

    Bird�s laboratory (Bird and Wilson, 1994; Wilson et al., 1994) was the first to provide a 

comprehensive study on a large number of genes expressed in giant cells. They made a 

subtractive cDNA library that selected transcripts up-regulated in the nematode feeding site 

and found that many of these genes are not normally expressed in mature root tissue, 

suggesting that the nematode is able to induce alterations in transcriptional control patterns. 

For example, this gene set includes the gene Le-phan (Thiery et al., 1999), a member of a 
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family of plant Myb transcription factors. Genetic investigation of this gene, called 

PHANTASTICA in snapdragon and rough sheath2 in maize, reveals it is required for normal 

meristem function (Timmermans et al., 1999; Tsiantis et al., 1999; Waites et al., 1998) and 

typical giant cell formation. Ablation of the expression of Le-Phan in giant cells results in 

giant cells that are much smaller than typical giant cells but that are still able to support the 

life cycle of the nematode through reproduction (Schaff and Bird, unpublished data). Using 

in-situ hybridizations, transcripts from Le-phan have been localized to both meristematic 

tissue and giant cells (Koltai and Bird, 2000). Koltai et al. (2000) also detected Le-phan 

transcripts in rhizobia induced nodules. This suggests that overlapping regulatory pathways 

leads to the formation of giant cells and nodules. Nodules are new meristems initiated by 

rhizobia bacteria in the roots of legumes under conditions of nitrogen limitation and 

represent a beneficial outcome between the association of rhizobia and the root. These new 

meristems differentiate into a complex, multi-celled organ that is comprised of unique tissue 

not found in the absence rhizobia.  

     Collectively, these and the Lotus japonicus har1-1 mutant results suggest that comparing 

these beneficial symbioses with the harmful interaction of plant parasitic nematodes on 

plants may yield more commonalities between genes and or pathways manipulated by these 

organisms during elicitation of their respective novel structures.  

     Recently, two groups have used microarrays to look at changes in gene expression 

induced by RKN infection. Because giant cells have characteristics of transfer cells, 

Hammes, et al. (2005) initiated a study to identify transport processes that contribute to the 

development and function of nematode induced feeding sites. They compared RKN infected 

and healthy root tissue to examine expression of transporter genes at weekly intervals post 

infection and determined that multiple transport processes are regulated, some in giant 

cells, and others in non-infected areas of the root. Jammes et al., (2005) used giant cell 

enriched root tissue to examine differences in gene expression between infected and 
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uninfected roots and picked a time course that also included weekly intervals. They were 

able to establish that as many genes are repressed as are up-regulated upon nematode 

infection indicating that gene repression might also be essential for proper gall formation. 

Analyses of these studies provide useful insights to function and maintenance of giant cells. 

 The host plant employed in both of these studies was Arabidopsis thaliana, a member 

of the Brassica family that is also a biological model system for many aspects of basic plant 

biology. Arabidopsis was the first plant to have its genome completely sequenced and is the 

subject of biological research worldwide. Because of this, it is the most well-characterized 

plant species. Unfortunately, Arabidopsis is a relatively poor host for the root-knot 

nematode, and extensive screening has failed to yield an ecotype fully resistant to RKN 

(Niebel et al., 1994). We have observed many times that the total brood size from an RKN 

infection produces fewer eggs than starting inoculum on Arabidopsis. Weerasinghe et al., 

(2005) reported that Arabidopsis root hairs do not respond to Nod Factor (NF) or Nem 

Factor, which are primary factors in host recognition and successful parasitism and they 

postulate the reason is the absence of the SYMRK or the DMI3 calcium- and calmodulin- 

dependent protein kinase that are necessary for NF signal transduction of (Riely et al., 

2004). Because RKN feeding site and nodule formation induce common host pathways, 

including specific transcription regulators, (Koltai and Bird, 2000), early nodulation genes 

(Koltai et al., 2001; Favery et al., 2002) and cytokinin responsive pathways (Lohar et al., 

2004), this further suggests that Arabidopsis lacks some of the fundamental plant pathways 

that RKN exploits for robust parasitism. 

     Understanding host resistance has long been a goal for scientists who study RKN�plant 

interactions with the objective of reducing crop yield loss. A thorough understanding of 

resistance mechanisms and the genes involved in the pathway is necessary in order to 

better deploy resistant varieties, maximize their lifetime (before resistance is broken), and 

also find new sources of resistance. Traditional management of plant-parasitic nematodes 
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has relied upon principals of integrated pest management; namely crop rotation, chemical 

nematicides, and host resistance. Crop rotation is hampered by the broad host range of 

root-knot nematodes and may not be economically feasible for many growers. Use of 

chemical nematicides is gradually being phased out due to public health and environmental 

concerns. Extensive use of nematicides has been linked to ground water contamination, 

toxicity to birds and animals, and residues in food (Thomason, 1987). Methyl Bromide 

(MeBr) is an odorless, colorless gas that has been used with great success as a soil 

fumigant and soil sterilant to control RKN. However, because MeBr depletes the 

stratospheric ozone layer (Watson et al., 1992), the amount of MeBr produced and imported 

in the U.S. was incrementally reduced until the phase-out took effect on January, 2005. 

MeBr is just one of many nematicidal compounds that have been banned over the past 30 

years.  

     Host resistance is the most environmentally and economically sound method to control 

RKN (Cook and Evans, 1987). Unfortunately, genetic resistance to plant-parasitic 

nematodes is not available for most cultivated host species. Relatively few sources of 

natural resistance have been identified in most crops. In those hosts where resistance is 

available, it has proved to be extremely valuable and effective. For example, the introduction 

of the Heterodera glycines-resistant cultivar 'Forrest' was reported to save soybean growers 

in the southern United States over $400 million during a 5 year period (Bradley and Duffy, 

1982). One of the most limiting aspects of currently available host resistance is the highly 

specific nature of the interaction. For example, resistance in tobacco is conferred by a single 

gene (rk), resulting in a hypersensitive response at feeding site initiation when infected by 

races 1 or 3 of Meloidogyne incognita (Sasser, 1980; Slana and Stavely, 1981) but is not 

effective against other races of M. incognita or against any other Meloidogyne species. 

Tomato plants carrying the Mi gene are resistant to M. arenaria, M. incognita, and M. 

javanica, but not M. hapla (Gilbert and McGuire, 1956). The Mi gene in tomato is the result 



 8

of an interspecific hybridization between Lycopersicon esculentum and L. peruvianum 

(Watts, 1947). In both of these cases, a hypersensitive response accompanies resistance 

(Kiraly, 1980). In other crop species, resistance to RKN is generally limited to a single 

species (Triantaphyllou, 1987). The lack of broad spectrum resistance to the major plant 

parasitic nematode species has complicated the development of integrated management 

strategies that do not rely upon chemicals. 

     Other clues to developing RKN resistant cultivars can be found by examining the 

mechanisms RKN uses to elicit the changes in host cells. RKN have hollow, protrusible 

stylets that are connected to three esophageal gland cells and there is some evidence that 

these gland cells express products that are secreted into the plant apoplast through the 

stylet. Some gene products that are secreted in Meloidogyne spp. are cellulases, pectate 

lyases, and polyglacturonases, and are theorized to function in cell-wall degradation. Other 

endoparasitic nematode species have been reported to secrete similar enzymes for 

maceration of host tissue (Daubert and Rohde, 1971). Additional secretion products from 

RKN, such as chorismate mutase and thioredoxin peroxidase, may function by altering 

auxin balance (affecting the formation of giant cells) and the breakdown of host defenses 

respectively. One interesting point is that no nematode secretion has yet to be demonstrated 

to be secreted or injected into the symplastic tissue of the host. The secretions appear to be 

limited to the extracellular spaces, and no definitive roles for nematode secretions in feeding 

site induction or maintenance have yet been demonstrated. Williamson and Gleason (2003) 

provide a review of these and other nematode secretions.  

     Analysis of RKN gene expression during infection is not nearly as developed as the 

analysis of plant gene expression. Examination of EST libraries from M. incognita (McCarter 

et al., 2003) and a comparison ESTs between RKN and free living nematodes (Mitreva et 

al., 2005) are the only analyses to date that attempt to use nematode transcripts to 

distinguish which nematode genes are involved in parasitism. Establishing a transcriptional 
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profile through the use of microarrays may provide very valuable information as to what 

genes are used when RKN initiates feeding sites and what genes are differentially 

expressed as the nematode�s life cycle progresses. Because I performed a comprehensive 

analysis of gene expression in susceptible and resistant tomato cultivars infected by two 

species of root-knot nematode, M. incognita and M. hapla, I was able to examine nematode 

transcriptional profiles during the infection process using the same materials. I examined 

both the first 72 hours of the infection cycle and also at reproductive maturity of the 

nematode. 

     I initiated a microarray experiment using a unique, defined set of tomato genes known to 

be expressed in tomato root tissue and a small, arbitrarily chosen set of nematode genes to 

address global differentiation in gene expression in both tomato and nematode during RKN 

compatible and resistant interactions. Transcript abundance was compared at three time 

points over the first 72 hours after RKN inoculation and at the reproductive stage of RKN in 

susceptible and resistant plants. Two near-isogenic varieties of tomato plants were utilized 

to determine difference in gene expression between RKN-infected resistant and susceptible 

hosts. Motelle and Moneymaker differ, for practical purposes, only in that Motelle contains a 

small introgressed region of DNA containing the Mi gene which confers resistance to M. 

incognita, but not M. hapla. Moneymaker is susceptible to both species of nematodes. 

Virulence of M. hapla on tomatoes carrying the Mi gene could be due to lack of or 

modification to the nematode gene product whose presence signals the Mi gene. 

Conversely, virulence could be due to a gene product gain of function enabling the 

nematode to circumvent the host resistance response. In either case, the approach M. hapla 

uses to initiate feeding sites the same between the two species may or may not be the same 

as M. ingcognita. While I don�t predict the difference in feeding site initiation to be large 

between the two nematodes, there are some differences in gall morphology that, in addition 
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to being able to infect a resistant plant, might yield a different profile in gene expression in 

both nematode and tomato during infection.  

     This is the first time that a microarray analysis has been employed to establish host 

responses to nematodes in a natural host. It is also the first time transcript expression 

comparisons have been made in the very early time frame following infection and therefore 

gives the first comprehensive glimpse at gene expression during initiation of giant cells and 

during the resistant response. This is also the first time that microarrays have been used to 

probe the differences in gene expression in the nematode during RKN infection. The goal of 

this experiment was to determine if nematode transcripts could be detected if infected root 

material is used (as opposed to dissecting the nematode out of the root first). It was not only 

established that nematode expressed genes could be detected, but differential gene 

expression between early time points could be detected as well.  

     In this dissertation, I report on the application of looped designs (Churchill, 2002) to 

assay regulated genes on microarrays. These experiments were designed to maximize 

gene expression data from many different tissues while minimizing time and resources to 

look at the global changes in gene expression between susceptible and resistant reactions 

to root-knot nematodes. In addition to the microarray analyses, I have analyzed, annotated, 

and profiled the expression of the giant cell library first constructed in 1994 (Wilson and Bird, 

1994). The results reported here validate the gene discovery from this library, and expand 

our knowledge of both host and nematode genes regulated during a sophisticated parasitic 

interaction. 

          A thorough understanding of control of gene expression in the nematode feeding site 

is very important for designing and testing genetically engineered resistance, enhancing 

existing resistance, and for the development of new resistant strategies (Bird, 1996; Bird 

and Koltai, 2000). Giant cells are remarkably similar in very different plant species and this 

suggests signals from the nematode interact with fundamental aspects of plant cell biology 
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and differentiation. The study of plant development and cell biology is of critical importance 

for the continued improvement of crop species. In addition, a basic understanding of plant 

development can lead to broad improvements in plant breeding programs, yield 

improvement, and general stress management. These are all critical areas given that food 

production is significantly lagging behind population growth in many developing areas of the 

world. 
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BACKGROUND 

Determining transcriptional profile differences between giant cells and healthy root cells 

has been a goal of nematologists and plant biologists for many years. From a nematologist�s 

perspective, defining genes necessary to initiate and maintain these giant cells could 

provide potential candidates for gene silencing studies aimed at preventing the nematode 

from starting the cellular changes needed for feeding site formation or stopping the 

development of the giant cells. Elucidating a transcript profile of these aberrant tissues is 

also attractive to plant biologists who can use the information to infer how these genetic 

changes relate to tissue development and design experiments to test those theories.  

     To attain an expression profile of giant cells, Wilson et al., (1994) created a subtractive 

cDNA library that captured transcripts up-regulated in giant cells compared to uninfected 

tomato root tissue. Over 280 cDNA transcripts were cloned and sequenced and initial 

annotation of 58 of these genes revealed only 4 that were very similar to other genes in the 

NCBI (National Center for Biotechnology Information) database at the time (Bird and Wilson, 

1994). As online sequence analysis tools became more readily available and databases 

grew, clustering and annotation efforts by Bird�s laboratory revealed a total of 186 distinct 

genes from the 280 clones. Yet with all the information now available, nearly one third of 

these genes are still not similar to any known genes in these databases.  

     In this chapter, I describe the annotation of the giant cell library and how I used The 

Institute for Genomic Research (TIGR) Lycopersicum esculentum Gene Index (LeGI) to 

profile the expression of these genes. TIGR databases are a collection of indexes of 

expressed sequence transcript (EST) libraries from various plant and animal species. In the 

tomato gene index, (release 7.1), LeGI has accumulated 131,988 ESTs from multiple 

libraries and clustered them into Tentative Consensus sequences (TCs) that represent 

known or predicted genes. Each EST sequence that is part of a TC is displayed graphically, 
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and illustrates which clones from which tissue libraries contributed to the final gene 

sequence. Genes that do not fit into clusters are called singletons. 

     By BLASTing and comparing each of the giant cell sequences to TCs and singletons in 

the LeGI tomato database and I was able to assign many giant cell transcripts to genes 

(TCs). Whole gene sequences were then used in subsequent analysis which aided in 

annotation. Giant cell genes were further analyzed by looking at other tissues each gene 

was known to be expressed in and an expression profile was built that can be sorted by 

expression in different tissues. For example, we can quickly sort the profile to identify genes 

known to be expressed in giant cells and in tissue infected with Pseudomonas syringae, and 

rapidly ascertain what other tissues this gene is known to be expressed in. Determining 

expression profiles of giant cell genes may lead to a greater understanding of the roles 

these genes play in giant cell formation and maintenance.  

 

RESULTS 

Half of giant cell transcripts have no known function. 

      To determine the identity and verify prior annotation of the 186 giant cell library genes 

previously identified as being up-regulated in giant cells, each gene was BLASTed against 

the Lycopersicum esculentum Gene Index (LeGI)  and NCBI databases. Nearly one third of 

the transcripts found in the subtractive library have unknown function and are not similar to 

any genes or proteins, nor any other genomic sequences found in the databases (Table 

2.1). Thirty of the giant cell genes have similar, very similar, or orthologous (based on 

translated amino acid comparisons, see below) identity to other genes or sequences in the 

databases that are unknown, hypothetical or are just simply annotated as �expressed.� In all, 

nearly half of the genes found by subtractive cloning to be up-regulated in giant cells have 

unknown function.  
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     Approximately 25% of the genes have high similarity (over 90% identical at the amino 

acid level) to tomato genes or to genes from other species and are categorized respectively 

as tomato or orthologous genes in Table 2.1. Giant cell gene DB#216 (Genbank accession 

number (GB) L24030) is over 99% identical to the tomato gene ELI3, known to be involved 

in a defense response in parsley, and is therefore considered to be ELI3. Several genes 

related to water channel proteins, including a gene homologous to the tobacco gene RB7 

(Bird and Wilson, 1994), and a cellulose synthase related gene are also found in the giant 

cell library. These and other annotations for the 186 genes are reported in Table 2.1. 

Annotations for all 280 clones picked for the library can be found in supplementary material 

Table S2.1.  

     Another 25% of the genes are annotated as being similar or very similar to other genes 

found in the databases. Genes categorized as very similar are over 70% identical (on the 

amino acid level) but are less than 90% identical to tomato or other species gene 

sequences. Genes categorized as similar have over 50% amino acids in common over long 

sequence matches, or have short, nearly exact matches to other genes. Genes in these 

categories include a putative collagenase, a peroxidase, and a cyclin-specific ubiquitin 

carrier protein. Also noteworthy from this category is giant cell gene DB#364 (GB AI637345) 

that is very similar to genes in a resistance gene cluster in Solanum tuberosum, (van der 

Vossen, 2000). 

Expression profiles of giant cell genes reveal many are expressed in other tissues 

     In order to ascertain if genes up-regulated in giant cells are expressed in other tissues, 

each of the giant cell genes was queried against LeGI. Nearly 29% of genes did not match 

any tentative consensus sequences (TC) and are considered to be singletons. The 

remaining 71% of the genes matched to a TC, with some containing as few as one other 

EST (e.g., DB#157 in TC122466) to as many as 477 other ESTs, as was the case for the 

match of DB#141 with TC115845. The first two columns in Table 2.2 (partial table) and 
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Table S2.2 (full table in supplementary material) list the giant cell gene (and the 

corresponding Genbank accession number) that match a LeGI TC.  

Expression profiling reveals giant cell genes are the most transcriptionally similar to 

meristems  

     To establish if there is transcriptional conservation between giant cells and other plant 

tissue, expression profiles of giant cell genes were further analyzed. Each giant cell gene 

that matched to a TC was scored for presence or absence (as 0 or 1) in 18 of the TIGR 

tomato libraries. The series of 0s and 1s for each gene were then strung together, resulting 

in a chain, or string, of data. A neighbor-joining technique and pairwise distance estimates 

were applied to the data and used to cluster the giant cell and the other 18 libraries. Results 

from this analysis suggest that, based on transcriptional profiles, giant cell tissue most 

closely resembles meristematic tissue (Figure 2.1). 

Color-coded expression profile allows easy identification of gene groups 

     To further investigate expression profiles of the giant cell genes, each giant cell TC was 

examined to determine how abundantly this gene was expressed in other tomato tissues. 

For each giant cell gene that belonged to a TC, the number of ESTs from each of the other 

18 tomato libraries making up that TC were counted and conveyed as a percentage of that 

library. Data were partitioned into 7 categories, based on abundance of EST expression in a 

particular tissue library, and then color coded for visualization. A portion of this table is 

presented herein (Table 2.2) and a full, sortable table is included in the supplementary 

material, Table S2.2. For example, giant cell gene DB#107, a gene very similar to a tobacco 

peroxidase, clusters with the LeGI gene sequence TC124803. ESTs from callus tissue, 

nutrient deficient roots, and other tissues also make up this consensus gene sequence. 

Over 0.3% of all callus ESTs make up this gene sequence which places it in category 7, and 

represents a tissue (in this case callus) where this gene is highly expressed. 
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     Visualization of transcript abundance in the expression profile also allows for fast 

identification of genes that are ubiquitously expressed throughout plant tissue and how 

profuse the transcripts are. For example, transcripts from DB#274 (ubiquitin carrier protein) 

and DB#141 (see above) have been found in nearly every plant tissue, but transcripts from 

DB#141 are much more abundant (Table 2.2, S2.2). Conversely, this expression profile also 

allows for easy identification of genes that appear to be rarely expressed, such as DB#147 

(a eukaryotic translation initiation factor). 

     The color coded expression profile can also be sorted by tissues of interest. For instance, 

DB#312 (a WRKY transcription factor) is expressed in tissue susceptible to and infected with 

Pseudomonas syringae, but is not expressed in tissue resistant to and infected with the 

same pathogen. Sorting of this profile also reveals a number of genes that are known to be 

expressed in a P. syringae resistant response, but not in the susceptible one, such as 

DB#155 (a gene with unknown function). These genes are interesting because they are 

expressed in successful disease state of one pathogen and expressed in the resistant state 

of another (Table 2.2, S2.2).   

     Finally, this profile can also be used to track the changes of gene expression in tissue as 

it matures. DB#297 (another gene with unknown function) is expressed in ovary tissue, and 

all fruit tissue, from the developing/immature fruit through the breaker fruit stage. This gene 

shows a peak of expression during the developing and mature green fruit stage, then 

expression tapers off as the fruit ripens.  

Nearly one third of giant cell genes are novel 

     Approximately 24% of the genes do not match to any annotated genes or sequences in 

either of the databases, nor did they fit into any cluster. Forty-four genes with unknown 

function did not fit into any TCs, and 4 genes in each of the annotation categories similar 

and very similar also did not match to any TC. All of the genes that were annotated as being 

tomato genes or orthologous genes to other species matched to a TC in LeGI.  
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DISSCUSSION 

     Giant cells are a unique plant cell type, not found in the absence of nematodes. 

Investigating how gene expression differs between giant cells and healthy root cells by 

comparing transcripts and transcript profiles can lead to important insights both in the 

biology of how these feeding sites are created and maintained, and how the changes in 

expression of these genes can cause such dramatic alterations to the morphology and 

physiology of the cells.  

Annotation of giant cell transcripts is supported in the literature 

     Transcripts in the subtractive cDNA library are, by means of constructing the library, up-

regulated in giant cells. Because this library was constructed from dissected giant cells, it 

gives one of the first clear glimpses of plant gene expression during RKN pathogenesis. 

Sequences obtained from the up-regulated transcripts were queried against NCBI in order to 

annotate them and potentially identify their functions during normal plant development. I was 

able to describe 142 distinct genes based on sequence and translated sequence similarity 

and homology to genes found in databases. There are genes in the giant cell library that 

represent nearly every category of genes that are known or suspected to be involved in the 

giant cell establishment or maintenance, based on previously reported work and theoretical 

predictions (Bird, 1996; Gheyson and Fenoll 2002; Williamson and Gleason, 2003) 

Categories in which there are representatives in the giant cell library include genes related 

to cell cycle regulation (DB#169 is similar to a cyclin-specific ubiquitin carrier protein in A. 

thaliana), cell wall synthesis (DB#385 is orthologous to a cellulose synthase related gene in 

Arabidopsis thaliana), and transporters (DB#346 is LeOPT1, a gene involved in membrane 

and transformation function). 

     It has been shown that general, nonspecific plant defense genes are up-regulated 

approximately 12 hours after RKN infection (Williamson and Hussey, 1996; Williamson et 

al., 1994). Gene ELI3 known to be up-regulated in response to pathogens in parsley 
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(Schmelzer et al., 1989) is also up-regulated in the developing giant cell. DB#364 is very 

similar to genes in a potato resistance gene cluster (van der Vossen, 2000). Significantly, 

however, the full defense response does not occur suggesting either active suppression or 

lack of the proper signal from the nematode. In other words, although some defense genes 

are up-regulated during a compatible response, the susceptible host lacks the key 

recognition component(s) to enable a full defense response and manifestation of resistance.   

      At least three water channel genes were found in the subtractive giant cell library, 

including a gene orthologous to Nicotiana tabacum RB7. Water channel proteins and RB7 in 

particular have been implicated in giant cells before (Opperman et al., 1994). Osmotic 

regulation is especially critical to cells as metabolically active as giant cells and it is logical to 

find genes associated with water channels highly expressed. Giant cells are physiologically 

isolated from the rest of the root by loss of plasmodesmatal connections and exist as islands 

for the nematode to feed from, without communication with their neighboring cells. Because 

the central vacuole is also diminished in giant cells, osmotic exchange is especially critical to 

avoid plasmolysis and toxicity. Water import is critical to solubilize ionic compounds and to 

dilute metabolic waste products. It is unlikely that giant cells could be maintained without a 

higher rate of exchange. 

     The presence of transcripts in the giant cell expression profile encoding tomato cystatin 

came as a surprise. Urwin et al., (1997) proposed that an oryza cystatin gene be used in 

genetic plant transformations aimed at repressing reproduction in feeding nematodes. They 

suggested that ingestion of transgenically-expressed cystatin prevents nematodes from 

digesting proteins, and reported that nematodes feeding from transgenic Arabidopsis 

constitutively expressing a modified rice cystatin (Oc-1∆86) are malnourished, develop 

slowly, and produce fewer eggs. They detected Oc-1∆86 from ground up females with an 

anti- Oc-1∆86 polyclonal antibody and they revealed repressed expression of cysteine 

proteinase activity in the nematode gut and concluded that ingestion of the cystatin 
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suppressed growth in the nematode. (Atkinson et al., 2003; Urwin et al., 1996). However, 

over expression of this gene in plant tissue might have some effect on other plant molecules 

necessary for proper nematode feeding, therefore suggesting that it may not be in the 

ingestion of cystatin that suppresses growth and brood size, but other factors associated 

with metabolites in the plant. It seems that an altered (transgenically over-expressed) 

abundance of cystatin proteins may adversely affect the nematode life cycle, but it is 

apparent, by the fact it is up-regulated in giant cells, that at normally expressed levels this 

gene must not negatively affect reproduction of RKN.  

Our finding that giant cells resemble meristematic tissue more than any of the other 18 

tissues in the LeGI database is consistent with a model  that proposed giant cells are 

established through the recruitment of pathways in the host that are normally utilized during 

plant development (Bird, 1996). Various lines of evidence point to some of those pathways 

as being in common with those required for meristem induction/function. Indeed, giant cells 

have been described as being reminiscent of active meristematic cells (Huang, 1985). Like 

meristem cells, giant cells are metabolically very active and have an abundance of golgi 

apparatus, mitochondria, ribosomes and endoplasmic reticulum. These data are also 

supported by in-situ RT-PCR experiments in which a number of genes have been confirmed 

to be expressed both in giant cells and various meristems (Koltai et al., 2001). Included in 

this list is Le-phan (Thiery et al., 1999) which is a member of the myb-family of transcription 

regulators, and was originally identified in the giant cell library as DB#280 (Table 2.1). 

Because the giant cells appear to be closely similar to meristems, it is an intriguing 

possibility that the tissue is held in a juvenile state and may be suspended in a proliferative 

developmental cycle rather than a maturation one. In other words, the cells may be stuck in 

a repeating cycle of early differentiation without development, controlled by the nematode. 

This may also explain why the nematode tends to form giant cells in undifferentiated tissue 

as it is necessary to hijack the cellular machinery before full developmental commitment has 
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been made. In essence, the nematode preferentially uses undifferentiated cells (much like 

stem cells in animals) because they are pluripotent and are thus amenable to manipulation.     

In addition to influencing genes with known function in meristems, it is clear that RKN 

induce novel sets of genes that could include pathways yet to be identified and 

characterized in plant development or other plant processes. Fifty-two (28%) of the giant 

cells genes do not match to any other cluster in LeGI and are considered novel genes or 

singletons. Of these 52 genes, 44 are not similar (based on sequence analysis) to anything 

else in the NCBI databases and are therefore described as having unknown function. In all, 

nearly 25% of these genes do not match to a sequence cluster or to any other sequence in 

NCBI. Because parasitic organisms that initiate genetic changes in their host plants have to 

work with existing machinery, it is likely that these novel sets of genes are needed at some 

point somewhere else in the plant during the normal life cycle. The key to unlocking this 

mystery is finding when these genes are expressed in the absence of nematodes. Further 

investigation of existing sequence may reveal protein motifs or gene ontology (GO) 

annotations that could explain the nature and function of these genes. In situ hybridizations 

may also reveal a temporal or spatial expression pattern hitherto observed. It is clear from 

these studies, though, that much remains to be discovered regarding normal plant 

developmental pathways. 

Although subject to sampling bias, the abundance of ESTs in a TC is an approximation 

of that gene�s transcript level in the tissue used to make that library. To better visualize 

differences between libraries, we extracted and color-coded abundance information into a 

spread sheet (Table 2.2). A sortable version of this table is included in supplementary 

material, Table S2.2. The ability to electronically sort this data can provide insight into how 

sets of genes are expressed in different tissues. The results reported herein may provide 

clues to the native roles of the heretofore unknown functions of novel genes. Taken as a 
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whole, these data provide a wealth of information to anyone interested in plant development 

and response to pathogen attack. 

 

MATERIALS AND METHODS 

Sequencing the Giant Cell Library 

Clones in the giant cell subtractive library were initially sequenced by hand (Bird and 

Wilson, 1994) and submitted to GenBank prior to establishment of dbEST. These 

submissions have accession numbers L23860, L24001-69, L24101, L24107-11, and 

L26982-83. For clones in which there remained some ambiguity, plasmids were re-

sequenced using automated technology and sequences submitted to dbEST with accession 

numbers AI637265- 392 and BM153839-85. 

Giant Cell Annotation 

     Giant cell sequences were BLASTed against the TIGR tomato database (v7.1) and NCBI 

databases using both BLASTn and BLASTx against the NR database. Giant cell genes with 

blast hits that were nearly identical (over 95% identity) to known tomato genes were labeled 

as that tomato gene. GIANT CELL genes with nearly exact matches (over 90% identical 

amino acids) to genes in other species were called �orthologous�. GIANT CELL genes with 

high similarity (over 70% identical amino acids) to other known genes, tomato or other 

species were classified as being very similar and genes with broad similarity (at least 50% 

identical amino acids) or short, nearly exact matches to known genes in the databases were 

categorized as just �similar�. GIANT CELL genes that were not similar to anything in the 

databases were labeled as unknown. 

Color coded expression matrix 

    Sequences of novel genes were BLASTed against the TIGR LeGI database, and in cases 

in which TIGR had incorporated a giant cell EST into the LeGI database (based on its 

availablity in Genbank), sequence alignments between giant cell ESTs and LeGI TCs were 
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visually confirmed for accuracy. Giant cell sequences not already clustered into a LeGI TC, 

such as those submitted to the NCBI NR database, were BLASTed against the LeGI 

database and top sequence alignments visually inspected. Nearly every query resulted in an 

excellent match to a TC (which was then linked to that EST) or resulted in none or very poor 

matches to database TCs. Giant cell genes that did not match or were poorly matched to a 

TC labed as �no cluster� (nc) in Table 2.1. 

     For each TC associated with a giant cell, the number of contributing ESTs from each 

other EST library were counted and tallied as a percentage of that library. To enhance easy 

visualization, data was color coded for each gene based on percent abundance from each 

library as follows: if for a particular gene, ESTs representing that gene consisted of more 

than 0.030% of total ESTs from that tissue library, the cell was color coded red. ESTs 

representing 0.025-0.029% = orange, 0.020-0.024% = yellow, 0.015-0.019% = green, 0.010-

0.014% = blue, 0.005-0.009% = purple, 0.001-0.004% = grey and less than 0.001% = no 

color. 

Comparison of tomato tissue using EST abundance 

     Data in colored cells of the matrix were transformed into numerical data by assigning a 

seven digit string of 0s and 1s based on the percent abundance of gene in each tissue type. 

For example, a red cell, representing a tissue with a gene in high abundance in a particular 

tissue, was assigned a 1111111, while grey cell, representing a tissue with a gene in low 

abundance, was assigned 0000001, so that the final result was a table that reflected the 

color coded data with a strings of numbers. These numbers were strung together for each 

tissue type. Phylip (Falsenstein, 1993) was used to apply a neighbor-joining technique 

(Saitou and Nei, 1987) and pairwise distance estimates were used to cluster the libraries. 

 

LITERATURE CITED 
(a complete list of references are listed on page 96) 
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TABLES 

Table 1: Annotation of 186 distinct giant cell genes. Seq. length = clone sequence length; alt GC# = 
other GC#s that are the same gene, Cluster info = nc, no TIGR cluster determined for gene. Rank: I = 
Identical, o = Ortholoug, vs = very similar, s = similar, n = no known function. GC # = giant cell 
number, (same as DB#), Genbank Accession #, and Annotation are as described. 
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Table 1: (continued) 
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Table 1: (continued) 
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Table 2.2: Color coded matrix (a subset of Table S2.2).  Matrix reveals expression profile of giant 
cell genes in other tomato tissues. TIGR gene clusters for each giant cell gene were examined for 
transcript abundance in other libraries. ESTs from other libraries were tallied and expressed as a 
percentage of that library, then color coded for easy visualization. For example, the TIGR cluster 
in which giant cell gene 249 is a part of also contains a number of transcripts from a callus (cal) 
library. This table has been sorted to identify genes that are regulated in common between the 
giant cell library and libraries made from susceptible and resistant tomato material infected with 
Psuedomonas syringae. GC# = number of giant cell clone and the corresponding Genbank 
Accession number. cg = crown gall; ndr = nutrient deficient roots; rfs = roots at fruit set; rpa = 
roots, plant at pre-anthesis; sus = tomato tissue susceptible to and challenged with 
Pseudomonas syringae; res = tomato tissue resistant to and challenged with P. syringae; cal = 
callus; sc-u = suspension culture, untreated; ov = ovary tissue; d/ig = developing, immature green 
fruit; mg = mature green fruit; frr = red ripe fruit; bf = breaker fruit; mix = mixed elicitor; s/m = 
shoot and meristem tissue; erad = etiolated radical; gs = germinating seedlings; gc = giant cells 
 

 
 
 
SUPPLEMENTAL TABLES 
These tables can be found in the appendix. 
 
Table S2.1: Annotation of all giant cell genes. 
 
Table S2.2: Table S2.2: Color coded matrix. Matrix reveals expression profile of giant cell genes 
in other tomato tissues. TIGR gene clusters for each giant cell gene were examined for transcript 
abundance in other libraries. ESTs from other libraries were tallied and expressed as a 
percentage of that library, then color coded for easy visualization.  
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FIGURES 
 
Figure 1: Tomato tissue comparison tree. Neighbor joining techniques and pairwise distance 
estimates were used to reveal giant cell tissue is most similar to meristematic tissue. 
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INTRODUCTION 
Root-knot-nematodes (RKN: Meloidogyne spp) are obligate parasites of essentially all 

vascular plants and negatively impact production of most crops (Sasser, 1980). Central to the 

parasitic interaction is the ability of the nematode to reprogram root parenchyma cells to 

differentiate into highly specialized feeding cells called giant cells (GC). Infective RKN juveniles 

(J2) hatch in the soil, mechanically penetrate the root in the zone of elongation and migrate 

inter-cellularly to the stele. Migration is accompanied by secretion of cell wall modifying 

enzymes from the nematode stylet (Bird et al., 1975; Wyss et al., 1992; Smant et al., 1998) and 

it has long been hypothesized that the primary inductive signal for GC formation also involves 

stylet secretions (Christie, 1936). Numerous candidate molecules have been proposed (Davis 

and Mitchum, 2005), and recent evidence points to a role for a molecule with functional 

similarities to rhizobial Nod factor as the initial RKN�plant signal (Weerasinghe et al., 2005). 

Each individual J2 induces up to ten metabolically active GC, which become strong nutrient 

sinks (Jones and Northcote, 1972; Bird, 1975; McClure, 1977) and serve as the sole food 

source for the developing nematode. Depending on the RKN species, cortical tissue 

surrounding the GC exhibits hyperplasia and hypertrophy, leading to the stereotypic root-knot 

galls. Resistance to RKN has been identified in a number of plant species, and, in some cases, 

the responsible loci identified. The best understood of these is the tomato Mi gene (Watts, 1947; 

Milligan et al., 1998; Williamson and Kumar, 2006), which conditions resistance to M. incognita 

and M. javanica (but not to M. hapla) and has been widely bred into commercial tomato varieties 

(Gilbert and McGuire, 1956).  

Various approaches, including construction of subtractive cDNA libraries from individual GC 

(Wilson et al., 1994), promoter trapping strategies (Sijmons et al., 1994; Barthels et al, 1997; 

Favery et al., 2004) and in situ hybridizations (Lohar et al., 2004; Gal et al., 2006), have 

examined gene expression patterns during nematode feeding site initiation. Collectively, these 

experiments have revealed that genes regulating the cell cycle (Niebel et al., 1996; Almeida-
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Engler et al., 1999), cell wall synthesis (Niebel et al., 1993; Goellner et al., 2001; Vercauteren et 

al., 2002) and transcription regulation (Bird and Wilson, 1994) are up-regulated in GCs. 

Gheysen and Fenoll (2002) provide a detailed review of the approximately 50 genes known to 

be up-regulated and a few that are repressed. One emerging picture is that GC share many 

features with rhizobial nodules, including co-expression of specific transcription regulators 

(Koltai and Bird, 2000), early nodulation genes (Bird, 1996; Koltai et al., 2001; Favery et al., 

2002) and cytokinin responsive genes (Lohar et al., 2004); genetic data reinforce these 

similarities (Bird, 2004; Weerasinghe et al., 2005). Numerous putative defense genes also are 

up-regulated during RKN infection, including peroxidases, chitinases, extensins and proteinase 

inhibitors, perhaps as a global response to pathogen invasion. Callose or lignin may also be 

deposited as a physical barrier along the cell wall (Balhadère and Evans, 1995). 

Recently, two laboratories used microarrays to examine changes in Arabidopsis gene 

expression responsive to RKN infection. Based on the hypothesis that GCs are transfer cells 

(Jones and Northcote, 1972), Hammes et al. (2005) examined expression of transporter genes 

in RKN-infected and healthy root tissue at weekly intervals and established that multiple 

transport processes are regulated, some in GCs, and others in un-infected areas of the root. 

Another study (Jammes et al., 2005) interrogated GC-enriched root tissue, establishing that as 

many genes are repressed as are up-regulated upon nematode infection. They further 

substantiated that successful RKN infection is associated with suppression of a number of plant 

defenses. 

Although there is a strong correlation between water uptake and RKN inoculum (Meon et al., 

1978), suggesting that much of the yield loss caused by RKN can be attributed to compromised 

root function, it is clear that RKN infection also modulates whole plant physiology, including 

photosynthesis depression (Loveys and Bird, 1973; Wallace, 1974) and alteration of respiration 

rates both in root and shoot (Myuge, 1956; Owens and Rubinstein, 1966). Various lines of 

evidence also have implicated auxin and cytokinin flux in the RKN�host interaction (Mathesius 
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et al., 1998; Hutangura et al., 1999; Karczmarek et al., 2004; Lohar et al., 2004) as part of the 

regulation of root architecture. Thus, rather than focus on gene expression in GC per se, we 

designed experiments to interrogate genes representative of the broader tomato root 

transcriptome during compatible and incompatible interactions with RKN. Time points were 

chosen to capture the host gene response to key aspects of the RKN lifecycle in susceptible 

and resistant tomato iso-lines (Solanum lycopersicum (Linnaeus 1753) cv Moneymaker and cv 

Motelle respectively) infected with either M. hapla or M. incognita. 

Based on a mixed model analysis (Wolfinger, 2001), we found that in the absence of RKN 

only one gene, encoding a glycosyltransferase, was found to be differentially regulated between 

the Moneymaker and Motelle transcriptomes. However, RKN infection of the susceptible host 

elicits expression changes in large numbers of genes, and the expression of these genes 

fluctuates substantially over the first 72 hours post infection. Suites of genes exhibit coordinated 

expression in distinct patterns. We identified 58 genes that are significantly regulated during the 

unsuccessful attempt by RKN to infect resistant plants, including strong up-regulation of the 

glycosyltransferase gene. Experimental down regulation of this gene via virus induced gene 

silencing restores susceptibility to M. incognita in Motelle, indicating that this function is 

necessary for Mi-mediated resistance. Glycosyltransferases have been implicated in 

carbohydrate biosynthesis and associated in plant stress and defense responses (Dixon, 2001; 

Qi et al., 2005; Vogt and Jones, 2000) and cell wall synthesis (Egelund et al., 1994; Lao et al., 

2004); this is the first report of a role for a glycosyltransferase in nematode resistance.  

 

RESULTS 

cDNA Microarray Construction and Annotation 

At the time we initiated this study, the most comprehensive source of tomato gene sequences 

was a collection of expressed sequence transcripts (ESTs) clustered into tentative consensus 
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(TC) sequences (corresponding to gene predictions) by The Institute for Genomic Research 

(TIGR: Rockville, MD). Because RKN is a root pathogen we selected ESTs obtained from root 

cDNA libraries for array construction. A complete list of the genes used, along with their identity, 

is given in Table S3.1. For nomenclature and annotation uniformity, if a sequence had a match to 

a TC, that information was retained. Each clone without a match to a TC (e.g., a singleton) was 

named according to its GenBank accession number and individually hand annotated. For the 

small number of sequences for which some ambiguity remained, the clone name was retained. 

To further categorize the genes, we queried the TIGR and GeneBank annotation files with a set 

of key words (Table S3.2) related to various biological functions we hypothesize might be 

germane to the RKN�plant interaction (Table 3.1). For example, all genes associated with 

hormone or hormone regulation were grouped into a category called �Hormone,� and each gene 

that fell into this category was then tagged with the letter �H.� Second, the Gene Ontology (GO: 

http://www.geneontology.org) identifier for each was traced to the identifier category immediately 

below the head ontology category in the hierarchy and tallied (Fig. 1). Protein motifs were 

identified by HMM and Interproscan (Zdobnov and Apweiler, 2001) queries (supplementary 

Table S3.3). Motif names were manually curated to find groups of genes with functions 

corresponding to the list in Table 3.I and correlated with genes that showed differential 

expression in the various array experiments (vide infra). Key findings are summarized in Table 

3.2. 

Resistant and Compatible Tomato Roots Have Near Equivalent Transcriptomes in the 

Absence of RKN 

�Moneymaker� and �Motelle� differ for practical purposes by the presence of Mi in the latter. 

Because other genetic differences between the cultivars may lead to different transcription 

profiles, possibly confounding analysis of gene expression changes in response to RKN, we 

compared the transcriptome of each of the cultivars in the absence of nematodes. Similarly, 

because the life cycle of RKN takes four weeks to complete, we examined temporal changes in 
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the transcriptome of mature tomato roots over that time span. The experimental loop design 

with four replications per sample to simultaneously test these differences is shown in Figure 

S3.1, supplemental material. As indicated (Fig. 2) none of the genes exhibited a significant age-

dependent difference and only one gene, a glycosyltransferase, exhibited a significant cultivar-

dependent difference in gene expression at q ≤ 0.05 (Storey, 2003).  

RKN Infection Causes Substantial Changes in Root Expression Profiles  

Although genes for array construction were chosen based on their presence in root cDNA 

libraries, suggesting that their transcripts were sufficiently abundant to be sampled, we wanted 

to establish that we could detect changes in the root transcriptome during nematode infection. 

We used our array to interrogate the transcriptome of greenhouse-grown tomato roots either 

uninfected or non-synchronously infected with M. incognita. Using an experimental design with 

seven direct comparison replicates (Figure S3.2), we detected many significant gene expression 

changes in roots infected with RKN; a complete list can be found in Table S3.1. Approximately 

17% of the genes interrogated were differently regulated following RKN infection. Slightly fewer 

than half the genes were up-regulated and, accordingly, slightly more than half were found to be 

repressed in infected tissue. Notably, 25% of the genes annotated as �Hormone� were 

modulated by RKN. Nearly half of the genes annotated as �cell cycle� were regulated and three 

of the four shikimate pathway-related genes responded to M. incognita infection (3.1).  

The Root Transcriptome at RKN Egg Laying 

Having established that we could detect differential regulation of many root genes following 

non-synchronous infection by RKN, we wanted to distinguish tomato responses throughout the 

parasitic life cycle. Maximal development of giant cells is coincidental with egg-laying, so we 

interrogated the transcriptome of tomato roots 4 weeks post infection. Secondary galling also is 

greatest at this time, and we compared roots infected by M. incognita (induces large galls) with 

those infected by Meloidogyne hapla (elicits small galls). Because Mi is not effective against M. 

hapla, we exploited the cultivars Moneymaker and Motelle to compare tissues from susceptible 
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responses, resistant responses, and uninfected roots; the experiment design is shown in Figure 

S3.3 (supplemental material). 

No significant differences in gene expression were observed between Motelle roots that had 

been infected 4 weeks previously by M. incognita and uninfected Motelle roots. Because Mi-

mediated resistance is effected within a narrow time window after RKN invasion (Dropkin, 

1969), it was not surprising that we also found no differences in gene expression between roots 

infected with M. hapla compared to Moneymaker infected with M. incognita, despite the 

morphological differences in gall appearance. All susceptible observations were then pooled 

and compared to all observations from uninfected roots. We found that 17% of the genes were 

significantly differentially expressed (q ≤ 0.05) between all infected roots and uninfected roots. 

Exactly one third of the significant genes were up-regulated and two thirds were repressed in 

infected roots compared to uninfected roots (Figure 3.3). Over half the tomato genes grouped 

as peroxidases and aquaporins were regulated by nematodes at the egg laying stage compared 

to uninfected roots. Only 25% of the transporter genes were observed to be significantly 

regulated (Table 3.1), and most of those were repressed. A complete list of genes regulated 

(and in which direction) can be found in Table S3.1. 

Successful Initiation of Feeding Sites Elicits Major Shifts in Gene Expression 

In broad terms, establishment of the parasitic interaction by RKN involves three phases: (1) 

migration through root tissues, (2) initiation of giant cells in the stele, and (3) onset of sustained 

feeding with concomitant development of the giant cells and surrounding gall. We hypothesized 

that we could capture snapshots of the changes in gene expression associated with those 

stages following synchronous infection of tomato by RKN at 12 hours post infection (hpi), 36 hpi, 

and 72 hpi, respectively. Using an inter-connected loop design (Figure S3.3), we compared root 

tissue of Moneymaker and Motelle infected both by M. incognita and M. hapla at these three 

time points. Uninfected tissue (0) was harvested at the same time points and pooled. 

To observe gene expression changes following successful initiation of feeding sites 
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(compatible interactions), observations from Moneymaker plants infected with both RKN species 

were pooled with observations from Motelle infected by M. hapla and statistically compared to 

uninfected controls for each time course (0 � 12 � 36 � 72 hpi) point. We found 217 (14%) of the 

arrayed genes to be significantly differentially expressed between 12 and 36 hpi. To examine 

expression changes in these genes over time, differences in expression data for each time point 

comparison were plotted (Figure 3.4). Each of the 217 lines was color coded to enhance visual 

interpretation using a hierarchical clustering algorithm (Ward, 1963). Clusters were assigned 

colors based on how differences of expression changed over time, with the warm colors (red, 

orange, yellow, and brown) representing genes with expression significantly repressed in a 

susceptible interaction between the 12 and 36 hpi time points, following a generally smaller 

increase in gene expression between 0 to 12 hpi. The slope of the lines reflects the magnitude 

of change in gene expression; genes represented by the brown lines, for example, have the 

biggest change of expression (Figure 3.4). The three genes represented by the brown lines are 

TC164156 and L24025, which encode unknown functions, and gene TC155176, annotated as 

�similar to peroxidase.� Those genes annotated as �Hormone� and �Aquaporin� (Table 3.1) that 

we found to be significantly regulated were repressed in this time period. 

The cool colors (purple, green, blue and teal) in Figure 3.4 represent genes whose 

expression is significantly up-regulated in susceptible responses between 12 to 36 hpi hours 

after a generally smaller repression of gene expression between 0 to 12 hpi. Genes represented 

by purple lines have the steepest slopes, indicating the greatest change in difference in gene 

expression. Approximately 72% of the genes in the hierarchical cluster colored purple encode 

ribosomal proteins, as do more than 30% of the genes represented by the green lines. In all, 

nearly two thirds of the ribosomal genes are differentially expressed in this comparison. This is 

in striking contrast to the warm-color genes, where only one ribosomal protein gene shows 

differential expression (it is repressed). Other genes up-regulated include a gene annotated into 

the �Pathogenesis� category (an Erwinia induced gene), a gene involved in cell cycle regulation 
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and 10 genes classified as having an unknown function (Table 3.1). A complete list of genes 

regulated and in which direction can be found in supplemental material (Table S3.1). It is clear 

from Figure 3.4 that overall gene expression comparing 12 hpi and 36 hpi points changes in the 

opposite direction from that seen when comparing uninfected (0) with the 12 hpi samples. Most 

(99%) of those genes that were significantly repressed in the susceptible reaction between 12 

and 36 hpi were up-regulated in the 0 to 12 hpi comparison (and vice versa). In most cases 

(94%), the expression of all genes again changed between 36 to 72 hpi.  

Figure 3.4 graphically illustrates how the differences between tissue comparisons change 

over time. To see how individual gene expression changes, the normalized, log2 averaged 

expression of each gene was plotted over time. Gene expression patterns consistent within 

each hierarchically (color) coded gene set and individual genes, chosen to represent each 

cluster, are depicted in Figure 3.5. Thus, an example in Figure 3.5 shows a red line depicting 

typical expression pattern of a gene hierarchically clustered into the red category of Figure 3.4. 

Although nearly all of the genes found to exhibit significant regulation between 12 to 36 hpi have 

a predicable expression profile over the entire early time course, none of these genes is 

considered significant in the 0 to 12 hpi or the 36 to 72 hpi statistical comparisons. This is 

consistent with the plotted expression profiles in Figure 3.5 that indicate gene expression is less 

robustly manipulated by RKN between these time points or that changes in gene expression are 

very small. Careful examination of the plots also reveals that by 72 hpi, gene expression is 

returning to expression levels of the uninfected (control) tissue (0). As in Figure 3.4, the 

steepness of the slopes in Figure 3.5 corresponds to absolute differences between points on the 

graph. In Figure 3.5, the steeper the slope, the higher the fold change in gene expression. The 

expression plots of the hierarchically clustered genes reveal that the largest amount of fold 

change in gene expression occurs between 12 and 36 hpi. It is also apparent that the slopes 

between uninfected tissue (0) and 12 hpi are quite steep, although in this comparison absolute 

changes in gene expression are less (i.e., there is less of a fold change). Variation between the 
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plots is most noticeable between 36 and 72 hpi. In some gene clusters, such as those 

represented by the orange, brown, and teal graphs, the slope of the line between 36 and 72 hpi 

is modest, compared to the slopes represented by the red, yellow, green, blue, and purple 

graphs. 

Gene Expression in Resistant Plants 

One consequence of our loop design is that it yields only one third the observations of the 

transcriptome in resistant plants compared to those we have for the susceptible responses, thus 

reducing the statistical power. To redress this, we pooled all observations from Motelle 

(resistant) plants over the early time points and compared them to uninfected tissue. This 

analysis identified 58 genes that were significantly differentially expressed between resistant 

tissue infected with M. incognita and uninfected tissue. We plotted expression differences to 

show how these genes behave over time (Figure 3.6). Each of the 58 genes is represented by a 

line and is color-coded by hierarchical clusters based on differences of expression. It is clear 

from this plot that genes involved in the resistant response have very different expression 

profiles from those that are differentially regulated in the susceptible response. These genes 

tend to change in one absolute direction over time, as opposed to being systematically switched 

up and down (Figure 3.4). To further dissect the patterns of expression, we plotted both the 

normalized, log2, averaged expression of the genes over time and a typical gene chosen to 

represent the expression profile of the cluster (Figure 3.7). The warm colors represent 31 genes 

that are consistently up-regulated over all three early infection time points in relation to gene 

expression level in uninfected tissue. Up-regulated genes include those encoding a 

glycosyltransferase, a peroxidase, and an ethylene responsive gene. Some of the genes 

represented by the orange and yellow profiles (Figure 3.7) are also regulated in roots at the 

nematode egg laying stage, but are not regulated in any other comparison. Four of these genes 

were first discovered based on differential expression in giant cells (Bird and Wilson, 1994; 

Wilson et al., 1994); eight are of unknown function. None of the up-regulated genes were found 
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to be regulated in the susceptible tissue comparison at 12 to 36 hpi. 

The cool colors represent genes with expression generally repressed over time in resistant 

reactions. The pink profiles represent genes whose expressions shift somewhat over the time 

points (Figure 3.7), but follow a general trend of down-regulation. Interestingly, all of the genes 

that follow this profile are regulated in other comparisons (Table S3.1) with the exception of 

gene AI637343, a gene with unknown function shown to be up-regulated in giant cells (Bird and 

Wilson, 1994; Wilson et al., 1994). In all, half of the 27 repressed genes (symbolized by the cool 

colors) are represented by genes considered significant in other comparisons. Gene groups 

here encode transporters, ribosomal proteins, and proteins with unknown functions (Table 3.1, 

S3.2). 

Susceptible Roots Infected by M. hapla vs. M. incognita have Similar Transcriptomes 

Because the morphology of the galls induced on susceptible tomato roots by M. incognita is 

visually distinguishable from those induced by M. hapla and may reflect underlying 

transcriptional differences, we interrogated the transcriptome of Moneymaker infected with each 

RKN species. Although the smaller number of replications limited the statistical power, 16 genes 

were found to be differentially regulated in the combined observations of 12 and 36 hpi. 

Predicted functions include a calcium binding protein (Cab39) and ethylene response factor 

number 5. Other genes potentially regulated between these interactions can be found in Table 

S3.X, supplemental material.  

Comparison of the RKN-Responsive Transcriptome across Treatments 

Comparing the expression data from all treatments (supplemental Table S3.1) revealed that 

not many of the genes are regulated in every treatment (Figure 3.8). This is particularly evident 

when comparing the susceptible and resistant responses, where only five genes exhibit a 

pattern of differential regulation in both treatments. All five genes are repressed in resistant 

roots and up-regulated between 12 to 36 hpi in susceptible tissue. One of these genes encodes 

a nuclear transporter factor, three encode ribosomal proteins, and the other encodes a protein 



 40

of unknown function. Although nearly one third of the genes regulated in the resistant response 

are also regulated in roots at the egg laying stage, the overall number of genes is small (Figure 

3.8). It is worth noting, however, that each gene in common is regulated in the same direction. 

Many comparisons can be made about the behavior of individual genes. For example, in the 

non-synchronous, mixed-stage greenhouse experiment (Mixed), we found that five of the seven 

genes containing shikimate pathway protein motifs are repressed compared to genes containing 

these motifs in uninfected material. Some shikimate genes are also regulated in infected tomato 

root at the egg laying stage (REL), although it should be noted that none of the shikimate 

pathway genes appear to be regulated in the susceptible or resistant reactions during early 

infection time points. Another noteworthy group is the pathogen response-related motifs that 

include the Glutathione S-transferase domains; one third of genes encoding these domains are 

repressed or up-regulated in Mixed and susceptible infected root tissue, but completely 

repressed in REL. Genes encoding Leucine Rich Repeats, a protein motif common in resistance 

genes, are more regulated (both up- and down-) in susceptible reactions in Mixed than they are 

in the resistance comparison. The two genes encoding Late Embryogenesis Abundant motifs 

are regulated in all experiment comparisons except in the resistance reaction, consistent with 

previous findings that such genes are globally up-regulated following RKN infection (Lambert et 

al., 1999; van der Eycken et al., 1996). Of the genes encoding domains identified as peroxidase 

motifs that were regulated in resistant roots, all were up-regulated. By contrast, all but one of 

these genes were repressed in the susceptible interaction with RKN. 

To further categorize plant processes that respond to RKN infection, we plotted the 

percentages of genes that showed a significant change based on their Gene Ontology (GO) 

subcategory (Figure 3.9). Comparing the Molecular Function category genes in Mixed and REL 

against uninfected tissue (0) experiments revealed that all antioxidants (in this case, all 

peroxidases) that are regulated are repressed in infective tissue and all regulatory enzymes are 

up-regulated in Mixed, but they are all repressed in the REL comparison. Similarly, all REL 
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genes classified to the Biological Process growth that exhibit significant differential expression 

are up-regulated. Nearly all transporter genes considered significant between 12 and 36 hpi are 

up-regulated, whereas in the REL comparison, transporter genes considered significant are 

repressed. More than 25% of genes with the GO annotation response to stimulus were down-

regulated, where as fewer than 5% of genes thus classified were up-regulated. Nearly one half 

of the GO tags in the subcategory extracellular were repressed. This category also has a higher 

proportion of up-regulation compared to all other subcategories. The second highest proportion 

of up-regulation throughout the subcategories is in the unknown categories in each of the three 

major GO sub-divisions.  

Validation of Microarray Results and Functional Analysis of a Candidate Gene in the 

Resistance Response to RKN 

We selected eight RKN-regulated genes for verification by quantitative PCR (Tables 3.3 and 

3.4). Except for the glycosyltransferase gene (TC166108), these genes were arbitrarily selected 

from the list of differentially-expressed genes. In each case, these experiments confirmed the 

results obtained from the array experiments. 

To further investigate the possibility that the glycosyltransferase gene plays a functional role 

in Mi-mediated resistance, we used virus induced gene silencing (VIGS) (Liu et al., 2002a, Liu 

et al., 2002b, 2002; Ryu et al., 2004) to down-regulate its expression in susceptible 

(Moneymaker) and resistant (Motelle) tomato plants that were subsequently challenged with M. 

incognita. Because Mi is known to function only during a narrow temporal window 

corresponding to the period of giant cell initiation in a susceptible plant (Dropkin, 1969), we 

performed a calibration experiment to gauge when effective silencing in roots was occurring. 

Tomato plants (cv Rutgers Large Red) that had been stably transformed with CaMV35S::GFP 

were treated with a GFP�VIGS silencing construct and GFP fluorescence in whole roots was 

assessed. Silencing of GFP, was taken as evidence for a VIGS effect and defined the optimal 

period for RKN infection of VIGS roots. During this window, Moneymaker and Motelle plants that 
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had been agro-infected with the TC166108�VIGS construct, in parallel with those agro-infected 

with the GFP�VIGS construct, were inoculated with M. incognita J2 and scored one week later 

for the presence of galls. To further ensure that the VIGS process per se did not influence the 

resistant or susceptible response to RKN, non-transgenic Moneymaker and Motelle plants were 

agroinfected with the GFP�VIGS construct and infected with M. incognita J2. 

At one week post infection all Moneymaker plants exhibited an average of 20 symptomatic 

galls, and, like the un-infected controls, none of the non-agro-infected or GFP�VIGS agro-

infected Motelle plants exhibited galling. However, half (4/8) of the Motelle plants agro-infected 

with the TC166108�VIGS construct exhibited galling indistinguishable from Moneymaker and 

control plants; the remainder (4/8) had no galls. Presence in Motelle of the resistance-conferring 

allele at the Mi locus was confirmed in each of these plants by PCR and restriction analysis 

(Williamson et al., 1994a). A preliminary histological analysis of hand-sectioned roots from the 

TC166108�VIGS containing Motelle plants (not shown) indicated that the galls and giant cells 

appeared indistinguishable from those in Moneymaker plants. Unrelated to nematode infection, 

all VIGS treated plants exhibited additional symptoms, including stem lesions (Figure S3.5, 

supplemental material), consistent with effective agro-infection. Collectively, these results point 

to a functional role for the glycosyltransferase in the Mi-mediated resistance response; a more 

detailed description will be presented elsewhere. 

 

DISCUSSION 

Identifying the broad transcriptional events associated with successful parasitism of 

plants by RKN or the successful defense by resistant hosts is a pre-requisite to 

understanding the biology of the host-parasite interaction. Further, understanding the 

response of individual plant genes to RKN invasion may suggest new strategies for 

development of nematode control in crop plants. Our approach differs from previous 
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transcriptome analysis of plants infected with RKN in several ways, including choice of 

plant species. Tomato not only is a robust host for RKN, but also encodes robust 

resistance via the Mi locus. The existence of the resistance breaking RKN species, M. 

hapla, has permitted a comprehensive comparison of the response to RKN invasion of 

the resistant and susceptible tomato root transcriptomes. It is also the first time a 

comprehensive transcriptome analysis has been done in the first few days post RKN 

infection. 

Using a microarray approach, we found that nearly half the plant genes queried were 

significantly regulated in one or more treatment comparisons. Included in this list are 

genes previously reported to be regulated during RKN pathogenesis, including 

aquaporin (Opperman et al., 1994) and transport (Hammes et al., 2005) genes. We also 

examined the response of genes encoding host biochemical pathways that have been 

implicated in the response to RKN. Doyle and Lambert (2002), for example, proposed 

that RKN-encoded chorismate mutase, a key enzyme of the shikimate pathway, is 

injected into plant cells to modulate the local balance of auxin in roots as a means to 

initiate GC formation and establish feeding sites. However, careful examination of the 

shikimate pathway genes showed that none of those tested exhibited significant 

changes in regulation during the 72hpi temporal window spanning GC induction, thus 

failing to provide support for the Doyle-Lambert hypothesis. We did, however, observe 

significant differential regulation of shikimate pathway genes later in the infection cycle 

(i.e., in roots with established feeding sites), consistent with the notion that global 

alterations of auxin balance accompany RKN infection in general (Hutangura et al., 

1999). 

More than 70% of the genes encoding ribosomal proteins were found to be regulated 

during some aspect of successful infection of RKN, suggesting that protein production is 

substantially altered in infected roots, likely associated with the substantial 
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morphological remodeling that occurs in the GC and surrounding tissue . More than half 

the ribosomal protein related genes are up-regulated in the compatible interaction 

between 12 and 36 hours, and these genes follow a pattern of repression (0 to12hpi 

comparison) before a significant increase of expression (12-36hpi). The expression of 

most of these genes is down-regulated between 36 and 72hpi. Substantial fluctuation 

around base-line (non-infected) levels of gene expression is not limited to ribosomal 

protein related genes; all genes found significantly regulated during nematode 

pathogenesis are expressed in this manner. This pattern suggests that substantial 

changes in root gene expression have occurred by 12hpi, a time point prior to the 

appearance of recognizable GC. During this period, RKN J2 locate and penetrate the 

root in the zone of elongation and migrate first to the meristem and then into the 

developing vascular stele (Gheyson and Fenoll, 2002). It seems reasonable that host 

genes are responding to the migrating nematodes, and indeed, previous work has 

revealed that non-specific defense responses are detected by 12hpi (Williamson and 

Hussey, 1996; Williamson et al., 1994b). However, it is an intriguing possibility that our 

analysis also captured gene expression in the proto-GC. Later changes in expression 

(12 to 36hpi) likely indicate development of the GC initials into recognizable feeding 

cells. This represents the first time (as far as we know) that global gene expression has 

been examined so soon after infection. Key to this has been the use of a bulk infection 

system designed to achieve synchronous infection. Plants grown on a paper substrate 

were inoculated with nematodes, which penetrated the host during the 2-3 hours that the 

paper is damp. Those nematodes that failed to penetrate became desiccated and died. 

It is worth noting that after establishment of feeding sites (roots during nematode 

reproduction and in mixed stage infected roots) there are substantially more genes 

repressed than are up-regulated. A similar conclusion was made by Jammes et al. 

(2005), who examined of differential gene expression in RKN-infected Arabidopsis roots 
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at weekly intervals post infection. Collectively, this suggests that the nematode might 

manipulate multiple pathways to coordinate feeding site formation, protect from host 

defense responses, and maintain GC. Fluctuation in gene expression patterns may also 

indicate that GC formation requires multiple events to occur in the proper order for 

successful formation in a susceptible root. It seems reasonable that the nematode needs 

to both induce certain pathways, and interrupt others to initiate feeding sites, and these 

pathways are not necessarily those restricted to normal root development. Elucidating 

the sequence of events may be key to understanding the induction of GC.  

In contrast to the response of host genes in a susceptible plant, those genes 

regulated in a resistant response are either up-regulated or are repressed over time and 

do not fluctuate; only 1/3 of these genes show any evidence that their expression levels 

had returned to basal levels by 72 hours. This suggests that activation of the resistant 

response persists over the first few days after nematode infection, consistent with 

Dropkin�s (1969) observations. Not surprisingly, by four weeks after infection, gene 

expression in an infected resistant host was indistinguishable from that in an uninfected 

plant roots; resistant plants do not sustain nematodes after four weeks, and hence are 

essentially uninfected. 

Because those genes regulated during a resistant reaction define candidates that 

may play a role in the resistance response, we were particularly interested a 

glycosyltransferase that we observed to be up-regulated nearly 6 times more in resistant 

roots infected with M. incognita than in uninfected roots. Using a VIGS approach to 

silence gene expression in Motelle plants, we confirmed that expression of this gene is 

necessary for expression of the resistance phenotype. Not surprisingly, not all plants 

exhibited loss of resistance, presumably reflecting incomplete silencing. Intriguingly, 

some plants exhibited normal (and complete) resistance, where as the others those 

developed numbers of galls indistinguishable from the control plants (Moneymaker 
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challenged with M. incognita) suggesting that glycosyltransferase acts in an all-or-

nothing manner. Although this might be a coincidence of all-or-nothing silencing, it might 

also point to this enzyme functioning (or not) to effect resistance via a threshold effect, 

perhaps as some sort of switch. 

How repression of gene expression of a specific glycosyltransferase interferes with 

the resistance of Motelle to M. incognita remains to established, but the variety and 

nature of roles of glycosyltransferases provide many possible avenues for plant defense 

against RKN. Glycosyltransferases are encoded by a ubiquitous gene family (Lim and 

Bowles, 2004; Langlois-Meurinne, 2005). Secondary metabolites, including phytoalexins, 

are produced from transcriptional activation of response genes (Hammond-Kosack and 

Jones, 1996). These small, low molecular weight metabolites are often stabilized by 

conjugation to sugars through the action of glycotransferases (Vogt and Jones, 2000). 

Recent reports suggest that glycosyltransferases act in roles related to defense and 

stress response from plants (Dixon, 2001; Qi et al., 2005; Vogt and Jones, 2000). 

Langlois-Meurinne et al. (2005) found that expression of specific glycosyltransferases 

was necessary for resistance to Psuedomonas syringae in Arabidopsis, and suggested 

that up-regulation in response to pathogens and during senescence point towards a role 

in the cell death process and possibly in the hypersenstive response (HR). We also 

found a glycosyltransferase that is necessary for resistance of RKN in tomato, an 

interaction that typically results in an HR. This suggests that glycosyltransferase may act 

across plant species as a defense to very different pathogens. Glycosyltransferases also 

play a role in cell wall synthesis (Egelund et al., 1994; Lao et al., 2004), and may 

suggest a role in defense to RKN via this function. Research to better understand the 

role of this enzyme in RKN resistance is currently in progress. 
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MATERIALS AND METHODS 

cDNA array preparation 

We queried the Tomato Gene Index database for ESTs identified in root cDNA libraries, 

established by The Institute for Genomic Research (TIGR: Rockville, MD), via their web portal 

(http://www.tigr.org/) and identified approximately 4,300 genes. Clone representatives with the 

longest sequence (>200 bp) from each of the selected TIGR TC for each gene were purchased 

from Clemson University Genomics Institute (CUGI: Clemson, SC) as a set of 202 microtiter 

plates, and consolidated using a QBOT robot (Genepix, Sunnyvale, CA). Plasmids were 

isolated by alkaline lysis in 96-well format using 96-well Whatman filler and collection plates 

(Florham Park, NJ). Clone inserts were amplified using universal M13 forward and reverse 

primers and PCR products were purified by ethanol precipitation and resuspended in filtered, 

distilled water. An aliquot of these products were then sequenced. A substantial number of the 

4,300 wells of interest from CUGI were not turbid (i.e., not viable), and many were significantly 

contaminated. BLAST analysis revealed that approximately 10% had significant matches to a 

TC in the TIGR database other than the desired clone and 20% of the sequences did not have a 

significant match to any clone (including EST singletons) in the TIGR tomato database. 

Ultimately, we were able to recover and consolidate 1,547 root-expressed genes, including 186 

genes previously characterized from a giant cell specific library (Bird and Wilson, 1994; Wilson 

et al., 1994).  

Amplified insert DNA was dissolved in 50% DMSO at a final concentration of 150ng/µl and 

genes were arrayed in an arbitrary order (some genes were duplicated) on Corning UltraGaps II 

slides using Affymetrix GMS 417 pin and ring arrayer (Santa Clara, CA). Slides were stored and 

later rehydrated, and spots �set� in four cycles of 10 second steam (slides were suspended face 

down over steaming water) and 1 minute on a 65ºC hotplate and then fixed by 250mJ of UV 

irradiation. Slides were prehybridized and washed according to TIGR standard operating 

protocol M005. 
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Synchronous RKN Infection of Root Tips 

Solanum lycopersicum cv Moneymaker and Motelle seeds were surface sterilized and 

planted 3 to a growth pouch (Mega International, Minneapolis, see Figure S3.6, supplemental 

material) dampened with sterile water and grown in an environmentally controlled chamber 

(16hr light/8hr dark 250 µE m-2 s-1, 26ºC). Sprouted seedlings were fertilized with a 0.5x 

Hoaglands (Sigma, St. Louis, MO) solution 1-2x per week and watered with filter sterilized tap 

water between fertilizing. Seedlings, 3 to 4 weeks old, were inoculated with 2,000 freshly 

hatched J2 in 1ml water per plant and pouches were left to dry in the dark in a lateral position 

overnight. 

Collection of Plant Tissue, RNA preparation, and Dye Ester coupling 

Tissue Collected to 72 Hours Post Infection 

Pouches were hydrated and placed upright under light at least two hours before the 12 hour 

collection period to ensure dryness and light cycle differences did not affect gene expression 

between the early time points. Plants exhibiting wilting were rejected. By the 36 hours, small 

galls could be seen forming in susceptible roots. Tissue was collected at 12, 36, and 72 hour 

post infection by excising root tips extending approximately 3 cm from cap and flash freezing in 

1.5 ml tubes set in a metal block on dry ice. RNA was isolated from excised root tips using the 

RNeasy kit (Qiagen, Valencia, CA) according to manufacturers instructions and amplified using 

Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technologies, Palo Alto, CA). 

cRNA amplification was conducted according to manufacturers instructions with the following 

modifications: Instead of directly incorporating labeled CTP, we indirectly incorporated 4.5µl of a 

50mM solution 5-(3-aminoallyl)-UTP (Ambion, Austin, TX) and 9 µl of a 25mM mix of RNA 

nucleotides A, C, and G into each reaction. Amplified cRNA was cleaned using the RNeasy kit. 

Typically, starting with 0.5µg total RNA yielded 5-10µg cRNA. 1.5µg cRNA was coupled to Cy3 

or Cy5 Dye Ester (GE Healthcare, (Amersham Bioscience), Piscataway, NJ) using TIGR 

standard operating protocol M005. Coupled RNA for each direct comparison was combined and 
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cleaned using the RNeasy kit and stored at -80°C. Half of each combined reaction was used to 

hybridize microarrays.  

Tissue Collected at Onset of Nematode Reproduction, Age and Variety Controls 

Whole, non-infected root systems were grown as described above and collected from both 

Moneymaker and Motelle plants at 4 and 8 weeks. Collection of infected root material during 

nematode reproduction was conducted approximately 4 weeks after inoculation, when eggs 

were first visible on the surface of the roots (approximate plant age 8 weeks). Whole root 

systems were collected and flash frozen in liquid nitrogen. RNA was isolated using the RNeasy 

kit and indirectly labeled (without amplification) purified, coupled to the dye ester, and stored as 

above.  

Mixed Stage Infected Tissue 

Moneymaker plants were grown in a glass house in spring and summer months with no 

additional light source. Temperatures were regulated to below 85ºC. Two week old seedlings 

were planted in a mixture of half soil, half river sand, and contained slow release fertilizer 

granules. Tomato plants with four expanded leaves were inoculated with 2 X 104 M. incognita 

eggs. Uninfected roots were grown the same but was not inoculated with RKN. Whole roots 

were washed and flash frozen in liquid nitrogen and RNA was isolated using the RNeasy kit and 

indirectly labeled (without amplification) purified, coupled to the dye ester, and stored as above. 

Hybridizations and Image collection 

Coupled samples were dried down and re-suspended in a hybridization buffer (33% 

formamide, 5X SSC, 0.1% SDS, 5ug poly(A)-DNA) heated to 90ºC and snap chilled. 

Slides were hybridized for 14 hours and washed according to TIGR standard protocol 

M005. Each slide was scanned twice using ScanArray Express software (Perkin Elmer, 

Boston, MA) and a ScanArray 4000 scanner (Packard BioChip Technologies, Billerica, 

MA) at low (approximately 60% laser power) and medium (approximately 75% laser 

power) intensity setting. The fluorescent intensity for each spot was captured and 
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quantified using Spot v3 (CSIRO, North Ryde, Australia) using the GOGAC setting. 

Combined images from both Cy3 and Cy5 cRNA channels, with spot locations marked, 

were examined manually and any scratches or artifacts that caused the program to 

incorrectly identify spots were removed using R, the parent program of Spot v3. It was 

determined that spot intensities greater than 33000 indicated some pixels were 

saturated: consequently the lower-intensity scan was used (across all arrays) for genes 

where the medium-level scan gave an intensity reading greater than 33000 for 20 or 

more measurements. 

Data Analysis 

     We adopted a two-stage approach (Wolfinger et al., 2001) for normalization and 

analysis. To normalize the data, we used mixed model analysis of variance (ANOVA) to 

remove random effects (global effects of the arrays and pins) and fixed effects (dyes and 

scan intensity levels). All two-way interactions also were fitted. Interactions that included 

arrays and pins were considered random effects; all other interactions were fixed effects. 

Analyses were performed using SAS Proc Mixed (SAS Institute, 2000). For genes 

printed in duplicate, averages were taken of the post-normalized spot data. Residual 

values from the normalization step were used for the subsequent gene model analyses, 

the second stage of the Wolfinger et al., (2001) approach. It is in this stage that 

individual genes were tested for differential expression patterns, by fitting an appropriate 

mixed model ANOVA. In addition to the effects of interest described in Results, terms for 

slide (random) and dye (fixed) were also fitted in the gene models to adjust for possible 

gene-specific dye and array effects, as well as to control for locational array effects that 

may not have been addressed by the global normalization procedure.   

     The specific hypotheses of interest were tested through the use of appropriate 

"estimate" statements in SAS Proc Mixed (SAS Institute, 2000). To verify the 

distributional assumptions of this procedure, we performed permutation tests for a 
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subset of the hypotheses examined, and compared the resulting p-values to those 

derived from the SAS procedure. A PHP script was used to write and automatically run 

SAS code to permute the data. For each permutation thus produced, the mixed model 

ANOVA was run and the per-gene F-statistic values generated by the model were 

stored. The same model was run on the original, non-permuted data and the F-statistics 

from this run compared with the collection of all F-values from the permuted runs to 

generate a p-value for each gene. In order to preserve the within-array correlation 

structure we used only those permutations which maintained the pairing of samples on 

the arrays. The level of consistency between the permutation-based results and the pure 

mixed-model approach was concordant, indicating that the results obtained by Proc 

Mixed were reliable (as well as being much more computationally efficient).  Results 

reported here were based on those calculated by the SAS procedure. 

     To adjust for the multiple tests performed for the microarray experiments, we 

employed the techniques of Storey and Tibshirani (2003) and (Storey, 2003) for 

controlling false discovery rate (FDR). Their method determines an empirical 

significance threshold based on maintaining the FDR at a pre-specified level.  We pre-

specified that level at 5%, meaning that an estimated 5% of the genes identified as 

significantly regulated are presumed to be false positives. P-values, q-values and 

direction changes for each comparison are presented in supplementary Table S3.X. 

Real-Time PCR 

Quantitative PCR analysis was performed using the ABI Prism 7900 HT Detection 

system with SDS2.1 software (Applied Biosystems, Foster City, CA) according to 

manufacter�s suggestions. Primers for target genes were designed using DNAStar 6 Primer 

Select Program according to Applied Biosystems primer design suggestions for RT-PCR, 

and are listed in supplementary Table S3.4. cDNA was synthesized from RQ1 Dnased 

(Fisher, Scientific) total RNA using Taqman Reverse Transcription reagents (Applied 
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Biosystems) and the 3� gene specific primers. RT-PCR was performed using SYBR green 

PCR master mix and gene specific primers for 40 cycles at 95ºC for 15 s, 54ºC for 30 s, and 

60ºC for 1 min. A dissociation curve (95ºC for 15 s, 60ºC for 15 s, 95ºC for 15 s) was 

generated after the final PCR cycle. Fluorescent signals were detected in the 7900 HT 

Detection system. Transcript level comparisons were determined by using the comparative 

Ct method (∆∆Ct method) for each gene during exponential amplification. Dissociation 

curves were confirmed to have single dominant peaks for each gene. Average ∆Ct values 

and SD for each tissue-gene and control combination for each replicate can be viewed in 

supplementary Table S3.5. The control gene TC163896 showed no change in any of the 

experimental treatments. The reproducibility of expression analysis results was confirmed in 

two independent experiments.  

Plasmid construction and VIGS 

pTRV1 and pTRV2 VIGS vectors (Liu et al., 2002a) were obtained from Dr. Dinesh-

Kumar, Yale University. A 266bp GFP fragment was amplified from the expression 

vector using primers 5�-ggggacaagtttgtacaaaaaagcaggctTATCATTATCCTCGGCCGAA-

3� and 5�-ggggaccactttgtacaagaaagctgggtGTCGTGCCGCTTCATATGAT-3�. A 

glycosyltransferase gene fragment was amplified from plasmid DNA prepared from the 

TIGR LeGI clone cLEW19P6 (the same cloned used for production of DNA on the 

microarrays) was amplified using tomato-EST, GATEWAY ready primers (Liu et al., 

2002a). The PCR amplified gene products were introduced into the GATEWAY ready 

pTRV2 (Liu et al., 2002a) using the GATEWAY cloning system according to 

manufacturers specifications (Invitrogen Co., Carlsbad CA). Plasmids were 

electorporated into Agrobacterium tumefaciens and transformants were verified by 

restriction digestion and sequencing.  

Seeds (Moneymaker, Motelle and Rutgers Large Red stably transformed with 

CaMV35S::GFP) were surface sterilized and germinated in potting soil in a growth chamber on 
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a 16hr/8hr daylight/night cycle at 26ºC. Approximately two weeks after germination, 

Moneymaker, Motelle and Rutger CaMV35S::GFP transformants (verifed for GFP expression) 

were planted into a 1:1 mixture soil/sand. Seedlings were agroinculated by leaf infiltration and 

agrodrench (Ryu et al., 2004) with appropriate VIGS constructs. 2 and 3 weeks after 

agroinoculation, when GFP fluorescence was no longer detected in Rutger CaMV35S::GFP 

roots, all plants were inoculated with 500 � 1000 M. incognita J2. Roots were assayed for galls 

7 days post infection. The presence of the Mi gene in Motelle was verified by PCR and 

restriction digest (Williamson et al, 1994a) 
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TABLES 
 
Table 3.1: Number of genes categorized according to known or suspected involvement in feeding 
site and gall formation. Left axis descriptions: All Array Genes and All Significant Genes are all 
genes used on tomato root gene array and all genes statistically determined to be regulated (at 
q≤0.05) in tissue comparisons respectively. Statistical comparisons of Mixed Stage Infection, 
Onset of RKN reproduction, and Resistant Infected are made to uninfected tissue. Mixed Stage 
roots are non-synchronous infected roots (grown in a greenhouse). Categories are based as 
followed: 1 All genes on the array; 2 Hormones (Bird and Koltai, 2000; Hutangura et al, 1999); 3 
Pathogenesis Related genes (Lindgren REF?); 4 Transport (Hammes et al, 2005); 5 Nucleic Acid 
Binding; 6 (I) Shikimate (Doyle and Lambert, 2002); 7 (Y) Cell Cycle (Almeida-Engler, et al, 1999; 
Niebel et al, 1996); 8 Aquaporin, water channel related genes (Opperman et al, 1994); 9 (X) 
Peroxidase; 10 Cell Wall (Bird,1974); 11 Giant Cell genes (Wilson et al, 1994); 12 (S) Ribosome 
related genes; 13 Genes with Unknown function. Annotations were searched with keywords 
(Table SII) to identify genes to categorize.  
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Table 3.2: Predicted protein motifs found in tomato array root genes (A portion of Supplementary 
Table S3.3). Tomato gene sequences were analyzed using protein motif prediction programs. 
Gene groups - Motif names were manually curated to find groups of genes with functions 
corresponding to the list in Table I. I, P and X  identifies motifs related to the shikimate pathway, 
pathogen response, and peroxidases respectively; Protein motifs were found with prediction 
programs (we found 1040 motifs in all, see Table SIII); predicted protein motifs were tallied for all 
genes and results tabulated in all motifs; Only predicted motifs in genes found to be significantly 
up-regulated (up-reg) and repressed (repress) in different comparisons were tabulated and can 
be compared to determine how the same motif is �regulated� in other treatment comparisons. 
Mixed = Roots non-synchronously infected with RKN; REL = Infected roots at nematodes� egg 
laying stage; s12-s36 = infected susceptible tissue 12hpi compared to same at 36hpi; Resist 
response = resistant tissue compared to uninfected tissue. An empty box indicates a motif was 
not regulated in the direction given by the column heading. 
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Table 3.3: Genes selected for verification of statistical analysis using RT-PCR. TIGR LeGI gene 
ID and Annotations were downloaded from the LeGI website. (AI63743 is a singleton and 
therefore retains its Genbank Accession number). ▲ indicates up-regulation of expression and ▼ 
indicates repression of gene expression when REL (roots are infected with egg-laying 
nematodes) are compared to uninfected tissue, s12-s36 (susceptible roots infected 36hpi 
compared to 12hpi), and resistant (resistant roots compared to uninfected root tissue. Gene 
group identifies category of genes identified in Table I, U = gene with unknown function, P = gene 
related to pathogen response; GC# corresponds to clone DB# in giant cell library (Wilson et al., 
1996) 
 

 
 
 
Table 3.4: Fold changes of transcript abundance for indicated genes determined using 
quantitative PCR. Fold change is relative to uninfected tissue. Interaction: R = resistant 
interaction, S = susceptible interaction. Post Infection: in hours (h) and weeks (w).  
 

 
 

 

SUPPLEMENTAL TABLES 
These tables can be found in the appendix. 
 
Table S3.1: Gene IDs and annotations, and direction change of significant genes. Most gene IDs 
and annotations are ascribed to TIGR LeGI. Some genes were hand annotated using NCBI 
databases. Genes significantly up-regulated and repressed (respectively) in statistical 



 57

comparisons are indicated and regulation of genes can be compared across different treatment 
discussed in the text.  
 
Table S3.2: Keywords used to identify gene groups. Gene annotations or identities assigned from 
the TIGR database or hand annotated using NCBI database and annotations were searched with 
keywords to identify groups of genes known or suspected to be involved in feeding site and gall 
formation. Gene, HMM, and GO tables are annotated with letters on the left if the gene fits into 
the category. 
 
Table S3.3: Interproscan [ftp://ftp.ebi.ac.uk/pub/software/unix/iprscan] was used to locate 
predicted protein motifs in tomato array gene sequences. Components of the search programs of 
InterProScan (PANTHER, PFAM, PRINTS, PROSITE, PRODOM, SEG, SMART, 
SUPERFAMILY) were used with default parameters. InterProScan was run locally to search 
translated contig consensus sequences versus all InterPro protein domains (as of Sept 2005). A 
total of 1040 motifs were predicted, and represented 3714 times. Predicted protein motifs were 
tallied for all genes and in genes found to be significantly up-regulated and repressed in different 
comparisons and were tabulated and can be compared to determine how the same motif is 
�regulated� (according to regulation of the gene in which they were found). 
 
Table S3.X: (Due to limitations of NCSU etd publishing, this table could not be included. Please 
request from author.) P-values and q-values for tomato gene experiment. Includes gene IDs and 
annotations, direction change of significant genes, and p- and q-values associated with each 
gene for each statistical comparison. Annotations are as described above. 
 
Table S3.4: RT-PCR primers for tomato genes used in quantitative PCR analysis. 
 
Table S3.5: RT-PCR ∆CTs for genes used in quantitative PCR analysis.  
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Figure 3.1: Gene Ontology (GO) classification of all tomato genes. GO classification on genes 
used to construct microarray, expressed as a percentage of head ontologies. Each GO 
annotation (downloaded from LeGI) from all array tomato root genes is mapped to the 
subcategory and subcategories are tallied and are represented as a percentage of head 
ontology. 
 

 

 
 
Figure 3.2: Gene significance results for cultivar and age comparison in tomatoes. Volcano plots 
depict the log2 fold change (horizontal axes) of normalized and averaged intensity values for each 
gene (each point) plotted against the �log10(p-value) (vertical axes) of tomato age (A) and cultivar 
(B) comparisons. Any spots above the dashed line (representing an FDR of 1 in 20) are 
considered to be significantly expressed. No significant difference in gene expression was 
detected between 4 and 8 week old tomato plants. One gene was considered differentially 
expressed between Motelle and Moneymaker cultivars.  
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Figure 3.3: Gene significance results for roots infected with nematode at the onset of reproduction 
compared to uninfected tissue. Volcano plots depict log2 fold change (horizontal axes) of 
normalized and averaged intensity values for each gene (each point) plotted against the �log10(p-
value) (vertical axes) of infected roots at onset of nematode reproduction compared to uninfected 
tissue. Spots above the dashed line are considered to be significantly expressed at q≤0.05. 
Points to the right of center above the dashed line represent genes that are up-regulated and 
points to the left and above the dashed line are genes that are repressed in infected tissue. 
 
 
 
 

  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4: Gene expression differences in susceptible tissue over four time periods post 
infection. Each colored line represents 1 of 217 genes exhibiting significant differential regulation. 
Differences in gene expressions were plotted over time course comparisons. Hierarchical 
clustering groups genes into 8 classes of broadly similar expression pattern, indicated by color 
coding. The vertical axis represents intensity differences in log2, normalized values for each gene 
from each statistical comparison (horizontal axis). Significant genes were determined by using a 
q-value≤0.05. 
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Figure 3.5: Cartoon representation of expression changes of each of the 8 classes of genes 
represented in figure 3.4. The x-axis is time points post infection, y-axis are arbitrary units of 
expression level change. Note differences in scale.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6: Gene expression differences in resistant tissue over four time periods post infection. 
Each colored line represents 1 of 58 genes exhibiting significant differential regulation. 
Differences in gene expressions from statistical comparisons were plotted over time course 
comparisons. Hierarchical clustering groups genes into 6 classes of broadly similar expression 
pattern, indicated by color coding. The vertical axis represents intensity differences in log2, 
normalized values for each gene from each statistical comparison (horizontal axis). Significant 
genes were determined by using a q-value≤0.05. 
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Figure 3.7: Cartoon representation of expression changes of each of the 6 classes of genes 
represented in figure 3.6. The x-axis is time points post infection, y-axis are arbitrary units of 
expression level change. Note differences in scale.  
 
 

 

 
 
Figure 3.8: Venn diagram comparing sets of regulated genes. Diagram compares genes identified 
as being significantly regulated in roots at the onset of nematode reproduction (A), genes 
significantly regulated during a susceptible response (B), and genes significantly regulated during 
a resistant response (C). 
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Figure 3.9: Summery of expression responses of categories of genes differentially expressed in 
the nematode plant interaction. A: Biological Processes, B: Cellular Component, C: Molecular 
Function. Genes were categorized based on GO annotation. Percentage indicates number of 
array genes in the given category that exhibit significant differential regulation. Figure design 
based on figure 4 in Jammes et al., 2005. 
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SUPPLEMENTAL FIGURES 

 

 

 

 

 

 

 

 
Figure S3.1: Loop design of cultivar and age comparison. Standard graphical representation 
(Speed, 2003) of direct comparisons using two tomato varieties, Moneymaker (MK) and 
Motelle (MT) at two ages, 4 and 8 weeks. Each arrow represents a direct comparison on a 
microarray; heads and tails represent Cy5 and Cy3 labeled mRNA respectively. Ovals 
represent pooled observations from microarray analysis to determine transcriptone difference 
between tomato varieties (solid lines) and age of root material (broken lines).  
 
 
 
 

  

 

 

 

 

 

 
Figure S3.2: Experiment design comparing mixed stage infected to uninfected roots grown in 
a greenhouse depicted using standard graphical representation according to Speed, 2003. 
Each arrow represents a direct comparison on a microarray; heads and tails represent Cy5 
and Cy3 labeled mRNA respectively.  
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Figure S3.3: Loop design to test differences in gene expression between roots infected with 
different species of RKN at onset of reproduction and uninfected roots. Standard graphical 
representation (Speed, 2003) of direct comparisons using two tomato varieties, Moneymaker 
(MK) and Motelle (MT) infected with M. incognita (inc) or M. hapla (hap) and uninfected 
tissue. Each arrow represents a direct comparison on a microarray; heads and tails represent 
Cy5 and Cy3 labeled mRNA respectively.  
 

 
 

 
 

 

 

 

 

 

 

 
Figure S3.4: Inter-connected loop design to test differences in gene expression between 
roots infected with different species of RKN and uninfected roots, during susceptible and 
resistant reactions over and early time course. Standard graphical representation (Speed, 
2003) of direct comparisons using two tomato varieties, Moneymaker (MK) and Motelle (MT) 
infected with M. incognita (inc) or M. hapla (hap) at 12hpi (12), 36hpi (36), and 72hpi (72) and 
uninfected tissue (none). Each arrow represents a direct comparison on a microarray; heads 
and tails represent Cy5 and Cy3 labeled mRNA respectively.  
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Figure S3.5: Lesions and leaf curling symptoms on a Motelle plant on which VIGS was used 
to silence the glycosyltransferase gene. Lesions and leaf curling (indicated by black arrows) 
are a typical symptom of Tobacco Rattle Virus Infection, a side effect of the viral mediated 
gene silencing. 
 
 
 

 

 

 

 

 

 

 

 

 
 
 

 
Figure S3.6: Tomato plants in growth pouches, ready for infection by RKN. 
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INTRODUCTION 

       It has been hypothesized that root-knot nematode (RKN) feeding sites are induced 

through glandular secretions injected via the nematode stylet into several root cells 

surrounding the anterior end of the nematode (Christie, 1936; Hussey, 1989) but little is 

known of the profile of gene expression in the nematodes at the time of feeding site 

initiation. RKN are approximately 500µm and vermiform and are very difficult to remove from 

plant tissue when they are still in their migratory or newly sedentary stage. The difficulty and 

time taken to collect the nematodes often results in the degradation of RNA and likely 

contamination of plant tissue, making the collection of a transcript profile problematic. 

     Microarray experiments are effective in detecting transcripts and transcript 

differences between treatments, but require the collection of many nematodes to obtain 

enough tissue to use in the assay. Changes in transcriptional profiles in plant roots 

infected with RKN have successfully been detected (Hammes et al., 2005; Jammes et 

al., 2005), but this tool has yet to be used to establish if nematode transcripts and 

expression changes are also detectable. The ability to process RKN infected root tissue 

without the tedious and potentially tissue-destroying step of removing and collecting 

nematodes would benefit investigators of plant parasitic gene expression by saving 

valuable experimental tissue, time, materials, and labor. 

     We used microarray analysis to interrogate a small, arbitrarily selected set of 329 

nematode genes to see if transcripts and changes in transcript levels can be detected from 

nematodes embedded in plant roots.  The genes were obtained from four expressed 

sequence transcript (EST) libraries prepared for the root-knot nematode EST sequencing 

project (McCarter et al., 2003; McCarter et al., 2005; Wylie et al., 2004). Libraries were 

created from Meloidogyne chitwoodi eggs, and M. arenaria and M. hapla pre-infective 

juveniles (J2). During production of these libraries, a portion of the cDNA-vector ligations 

was transformed into bacteria to check for insert and insert length, and for insert sequence 
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redundancy between the clones. Transformations were plated and 96 colonies from each 

library were picked and prepared for sequencing. Copies of plates containing bacterial 

clones were processed for use on microarrays. 

     We queried the arrays with RNA extracted from roots infected with RKN and we were 

able to establish that not only are nematode transcripts detectable, but differences in those 

transcripts can be detected over time soon after infection. Even though these genes were 

arbitrarily chosen, the set contained a cellulase and a gene similar to the sec-2 gene. SEC-2 

is secreted in high levels by juvenile plant-parasitic nematodes (Prior et al., 1994). 

Cellulases have been predicted to be involved in feeding site formation (Goellner  et al., 

2000; Williamson and Gleason, 2003).  

 

RESULTS 

Selection and annotation of genes for microarray analysis. 

     A small set of 384 clones was arbitrarily selected from several EST libraries prepared for 

the root knot nematode EST sequencing project (McCarter et al., 2003; McCarter et al., 

2005; Wylie et al., 2004). DNA from these libraries represents genes that are expressed in 

the egg and infectious J2, the first two stages of the RKN life cycle. To identify genes that 

may have been represented by more than one EST on the array, sequences were clustered, 

resulting in a total of 329 unique genes, including 24 gene clusters. 

     To annotate genes, unique EST sequences and consensus sequences of clusters were 

queried against the National Center for Biotechnology Information (NCBI) non-redundant 

database using BLASTx and BLASTn. Annotations and annotation ranks � identical (over 

90% amino acid (aa) similarity), very similar (over 70% aa similarity), and similar (over 50% 

similarity) - were assigned based on similarity of the nematode ESTs to other sequences in 

the databases. The resulting list of annotations (not including those labeled as unknown or 

hypothetical) can be found in Table 4.1. A complete list of annotations (including those 
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labeled as unknown and hypothethical) can be found in Table S4.1. Because most of the 

genes have no known function or are unknown, singletons are referred to by their plate letter 

(A-D) and plate address (96-well format), and sequence clusters are referred to by cluster 

number (NC1-NC25). For example, clone CF02 represents a clone found in plate C at 

position F02 and is annotated as a Glutathione synthetase (Table 4.1). 

     We found that most of the genes (85%) in the arbitrarily selected set have unknown 

function. All but one cluster of sequences contained 2 or 3 ESTs. One cluster, comprised of 

ESTs exclusively from a M. chitwoodi egg library, contained 26 ESTs all representing the 

same heat shock protein. The remaining 15% of genes that that we were able to annotate 

included several genes related to programmed cell death and cell structure. We also 

identified a cellulase gene and a gene nearly identical to sec-2 (Prior et al., 1998). Genes 

were grouped by suggested function based on annotation and a tally of these results as well 

as the groups the genes were parsed into can be viewed in Table 4.2. 

Differences in nematode gene transcripts are not detected in uninfected tissue 

     Nematode genes were spotted alongside tomato root genes on glass slides and arrays 

were interrogated with two uninfected plant varieties at different ages in a simple loop 

design (looped design is depicted in Chapter 3, Figure S3.1). I found that none of the 

nematode genes were significantly regulated between the two uninfected tissue types using 

a significance cut-off value of q<0.05 (Storey, 2003; Storey and Tibshirani, 2003). Because 

nematode genes were not considered differentially expressed under either of these 

considerations, it was verified that differences in nematode transcripts are not detectable in 

uninfected tissue, as indicated by the volcano plots (Wolfinger et al, 2001) in Chapter 3, 

Figure 3.3  

Nematode transcripts are detectable in tissue containing reproducing nematodes 

     To establish if nematode transcripts could be detected in infected tissue compared to 

uninfected tissue, a simple loop design was used (looped design is depicted in Chapter 3, 
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Figure S3) to compare uninfected roots and roots infected with RKN at the reproductive 

stage, i.e. when the nematodes are laying eggs. Infected tissues included Lycopersicon 

esculentum var. Moneymaker roots infected with both M. incognita and M. hapla and L. 

esculentum var. Motelle roots infected with M. hapla. Moneymaker and Motelle are near 

isogenic tomato varieties that differ only in that the Motelle genome contains the Mi gene 

which confers resistance to M. incognita but not M. hapla. Moneymaker is susceptible to 

both species of nematodes.  

    All observations of susceptible interactions were pooled and compared to uninfected 

tissue and we discovered that approximately 15% of the nematode genes had detectable 

transcripts at the nematodes reproductive stage. Measurable differences in transcripts 

cannot be considered up-regulated if there are no transcripts in one of the tissues used in 

the comparison; therefore these regulated transcripts are described as �detectable�. 

Conversely, it is not possible for the genes queried in this study to be repressed, and any 

gene considered to be statistically repressed in this type of comparison (where one tissue 

lacks transcripts) is considered a false result. In this comparison, all significantly regulated 

genes were determined to have higher expression levels (more transcripts) in the infected 

tissue than in uninfected tissue, and this further substantiates that the statistical methods 

used are robust. Gene expression ratios between infected and uninfected tissue are 

depicted using volcano plots (Wolfinger et al, 2001) in Figure 4.1. 

     Over 70% of genes regulated in infected tissue have unknown function. One-third of the 

ribosomal protein genes and half of the genes related to energy pathways in the nematode 

gene set were also found to have detectable transcripts in infected roots. 

     The results from arrays did not suggest there were any differences in nematode gene 

expression between roots infected with M. incognita or M. hapla, nor was there any 

suggestion of differences in gene expression in nematode tissue between the Moneymaker 

and Motelle varieties (data not shown).  
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Differential gene expression detected over time in susceptible RKN�tomato 

interactions 

     Having established that transcripts of regulated nematode genes are detectable, we then 

wanted to determine if changes in gene expression could be detected in nematode tissue 

over time in both a successful and resistant feeding site initiation. Roots infected with both 

M. incognita and M. hapla representing both susceptible and resistant tomato plants were 

collected and compared across three time points, 12 hours post infection (hpi), 36hpi, and 

72hpi and also compared to uninfected tissue (0). Direct tissue comparison on microarrays 

analyzed over the early time course in susceptible (and resistant tissue) was facilitated 

using a loop design (Chapter 3, Figure S3.4). 

     Thirteen genes are differentially regulated (at q<0.05) between 12 and 36hpi and most 

(11 genes) are repressed at 36hpi compared to 12hpi. All but one gene (an ATP synthase 

subunit protein) significantly regulated between 12 and 36hpi are unknown in function. None 

of these (or any other) genes were significantly regulated between uninfected tissue and 

12hpi or between 36 and 72hpi. Results from these statistical comparisons can be found in 

Table S4.1. P-values, q-values, and direction changes for each gene can be found in Table 

S4.X. Log2, normalized expression intensities of genes that were considered significantly 

regulated in a compatible infection response were plotted over time and I found that for all 

but one gene, expression levels peak at 36hpi (Figure 4.2). Data from all susceptible 

interactions (regardless of time) were also pooled and compared to uninfected roots (to see 

if pooling observations would increase statistical sensitivity). No genes were significantly 

regulated in the pooled reactions. This is not surprising since intensities of expression in 

regulated genes peak at 36hpi, combining observations over time effectively cancels out 

expression peaks. 
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Consistent gene expression in nematodes failing to establish feeding sites in 

resistant tissue. 

     Compared to gene expression patterns found in susceptible tissue infected with 

nematodes, the opposite pattern of gene expression was revealed when compared to 

nematode expressed genes in resistant tissue. Statistical comparisons between 12 and 

36hpi as well as 36 and 72hpi time points yielded no genes that were differentially 

expressed. But when all observations from resistant reactions were pooled and compared to 

observations from uninfected tissue, 42 genes were found to be significantly regulated. 

Statistical comparisons of each post infection time point compared to uninfected tissue 

revealed a some genes significantly regulated (q<0.05) and each of these genes are 

considered to be significantly regulated when all resistant observations are pooled (Table 

S4.1 and S4.2).  

     When comparing uninfected to infected root tissue, we expect the genes to have a 

positive change in nematode gene expression (since only the infected tissue contains 

nematodes). Our results indicate that for 2 of the 42 significantly regulated genes, more 

transcript was detected in uninfected root tissue than in infected tissue. These genes may 

be false �positives� (using a q-value of 0.05 resulting in 42 significantly regulated genes 

predicts that at least two of these would be false positives (Storey, 2003)). These genes 

could also be so transcriptionally similar to tomato that there is some cross hybridization of 

nematode RNA to tomato cDNA on the microarray, these results reflecting changes in 

tomato gene expression. To observe if there is similarity between these nematode genes 

and tomato genes, the nematode gene sequences were queried into the TIGR tomato 

database. One gene matched to tomato at very high similarity (1e-27) and the other did not. 

Given that the expression of these genes, for whatever reason did not conform to what is 

known about the infection status of the tissue, they were excluded from further analysis.  
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     Gene transcripts that were detectable in resistant, infected tissue compared to uninfected 

tissue are considered to be significantly expressed in the resistant response and the log2, 

normalized, expression intensities of these genes were plotted over time to examine their 

expression pattern (Figure 4.3). Variation in expression is nominal between 12 and 72hpi for 

most genes, and genes are clearly regulated when compared to infected tissue. Annotation 

of genes can be found in Table 4.1 and Table S4.1. Over 80% of these genes have 

unknown function, and only one of these unknown genes matched to any other sequence in 

the database (a hypothetical protein from Caenorhabditis elegans) indicating that most of 

these genes are novel. One gene (NC12) expressed in nematodes invading a resistant plant 

matches with very high similarity to the sec-2 gene characterized by Prior et al., (1998) from 

Globodera pallida. The sequence queried into NCBI database is a result of clustering three 

EST sequences from a M. arenaria (J2 stage) library.  

No overlapping gene expression between nematode genes regulated in resistant and 

susceptible responses. 

     To determine if any of the same genes were regulated between the three treatment 

comparisons, (nematodes during reproduction and in initiation of susceptible and resistant 

responses) the lists of significantly regulated genes were compared (Figure 44.). We found 

that no significant genes overlapped between resistant and susceptible responses, but 

several nematode genes were regulated in common between those in a resistant plant 

response and genes expressed at the reproductive stage of the nematodes� life cycle.  

Validating statistical results using Real-Time PCR 

     Several genes were arbitrarily chosen for validation by quantitative, Real-Time PCR (RT-

PCR). The difference in expression of genes AD02 and nematode gene cluster 15 (NC15) 

was determined for susceptible infected tissue at 12hpi compared 36hpi. Gene AD02 is 

similar to an unknown protein and the sequence representing NC15 is not similar to any 

other sequences in the databases. I found that quantitative PCR data (Figure 4.5) reflects 
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microarray data, i.e. RT-PCR data indicates that there is more transcript of gene AD02 in 

tissue collected 12hpi than there is in tissue collected 36hpi and this is also indicated in the 

statistical analysis.  A control gene, DF04, (used to determine fold changes of gene 

expression between two tissues) was chosen by selecting a gene that had large (not 

statistically significant) p-values between all comparisons. Large p-values between each 

comparison indicate that regulation of DF04 does not significantly change between the 

treatments, i.e. expression of this gene does not change over time.  

     To confirm presence of transcript from NC12 (annotated as sec-2) in nematode infected 

resistant tissue, RT-PCR was carried out on resistant tissue 72 hours post infection using 

both primers designed to amplify NC12 and the control gene. Uninfected tissue was also 

RT-PCR quantified using both sets of primers and no transcripts were detected (Figure 4.5).  

     Transcript presence of genes BB07 and CB08 was also detected in root tissue 

infected with reproductive stage nematodes compared to uninfected tissue. I was able to 

detect transcript in the nematode infected tissue and these transcripts were absent in 

uninfected root tissue. The sequences of both of these genes are not similar to any other 

sequence in the NCBI databases. RT-PCR using primers designed to amplify a tomato 

control gene was carried out on all uninfected tissue to verify RNA could produce 

successful RT-PCR reactions (data not shown). 

 

DISCUSSION 

     We have established that nematode transcripts and transcript changes can readily and 

confidently be detected by hybridizing infected tomato tissue on nematode-gene 

microarrays. This is the first time that a transcript profile of nematodes initiating or 

attempting to initiate feeding site formation has been established. Given the results that all 

genes regulated at the nematodes� reproductive stage were detected in the �correct� 

direction (i.e. no transcripts were regarded as up-regulated in uninfected tissue) and all 
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transcripts except those from two genes in resistant interactions were also detected in the 

�correct� direction (two false positive fall well within the predicted range), and taken with the 

results that no nematode genes are found to be regulated in uninfected tissue substantiates 

that this is a robust system.  

     The ability to detect nematode transcripts during pathogenesis is extremely important in 

understanding the pathogenicity of these plant parasites. Comparative analyses of 

nematode library transcriptomes so far have focused on differences of transcripts between 

different parasitic and free-living nematodes (Mitreva et al, 2005) or functional classification 

of transcripts (McCarter et al, 2003) and none so far have focused on changes in gene 

expression during initiation of feeding sites. Dissecting nematodes from plant tissue with the 

purpose of establishing a comparative transcript profile always carries the risk of losing 

transcripts through RNA degradation during the time it takes to dissect and process the 

material. While these sorts of collections have been necessary in the past to discover genes 

and provide the bases for microarray experiments, they may not provide the best method for 

comparative expression profiles with the tools available now. Microarrays provide the benefit 

of having an established set of genes that can be interrogated with any number of tissues (in 

this case, nematodes at different stages in their life cycle) and it is now known that a 

nematode array allows for use of infected, un-dissected host material which can be flash 

frozen to reduce the risk of losing transcripts.  

     This technique detected some differentially regulated nematode genes despite the fact 

that genes represented on the array may be biased towards genes necessary for nematode 

function and survival in their pre-infective state. After the nematode locates and penetrates a 

host root, it is possible that an entirely different set of genes are transcriptionally regulated 

than those found in the egg and pre-infective J2 stage. Since the genes on this array were 

identified from expression libraries from egg and J2 stages, it was a possibility that no 

differential gene expression would be detected even if the technique was robust. An ideal 
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microarray would include genes from all different stages of the nematode�s life cycle, or in 

the near future, from all RKN genes predicted from genomic sequencing. It seems unlikely 

that the nematode would transcriptionally regulate the exact same gene set to induce 

feeding sites as they regulate when they are still in the migratory, pre-infective J2 stage. 

However, the fact that transcript changes in genes known to be expressed in the nematode 

outside the root were detected suggests that some of these genes are regulated in common 

between the pre-infective and the infective life stages. It may be that some of these genes 

are regulated at low abundance until a feeding site is established and detected or these 

genes may play dual roles for the nematode, providing beneficial or necessary gene 

products for survival both outside and inside the root. 

     The fact that only a few genes were regulated between 12 and 36hpi may reflect 

mounting evidence that plant tissue has been already been initiated and is reacting at 12hpi 

(Williamson and Hussey, 1996). It is possible that at 12hpi, the nematode has already done 

what it needs to initiate the feeding site. These results indicate that there is a peak in some 

nematode gene expression at 36hpi, and this might suggest that while the feeding site may 

already be initiated by this time, there may still be signals needed from the nematode to 

continue the process of feeding site formation. It is also possible that these genes might 

relate to the nematode reinitiating development in its life cycle after it gets the signal from 

the plant that the feeding site has been created. The fact that pooling all observations in a 

susceptible response produces fewer significantly regulated genes than does looking at 

differences in time points separately does indicate that gene expressions are changing. This 

indicates that there is some successful changes in the roots and that the biology is 

progressing.  

     Conversely, in resistant reactions, pooling observations strengthens the ability to detect 

expressed genes. Many of the genes that were significantly detected (q<0.05) in pooled 

resistant observations compared to uninfected tissue were detectable when resistant tissue 
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from individual time points was compared to uninfected tissue. None of these genes 

exhibited differential expression between resistant time point comparisons. Taken together, 

these data suggests that these genes are consistently regulated throughout early attempts 

at feeding site initiation in resistant tissue. Since there is no evidence to suggest that the 

nematode can change its approach after failing to initiate a feeding site, it can be suggested 

that the nematode may be stuck in the process of trying to initiate the feeding site. If this is 

the case, then it is plausible that the list of genes detected in a resistant response is actually 

a list of genes expressed in the nematode during the actual initiation of the feeding site. The 

expression pattern of the sec-2 gene, found in the list of genes regulated during a resistant 

response, supports this. Sec-2, a gene characterized by Prior (1998) in Globodera pallida 

and has been found to be secreted by plant-parasitic nematodes and has been implicated in 

the pathogenic cycle of potato cyst nematode. 

     One gene was found to have a surprising lack of detectable expression or regulation in 

any tissue infected with nematodes is a cellulase gene. Cellulase gene products are 

secreted from esophageal glands and it has been suggested they are used to initiate or 

modify giant cells in feeding site formation (Goellner et al., 2000; Williamson and Gleason, 

2003). Even the fact that it is found on the array from an EST library of the infectious J2 

suggests that this gene may have some role in the infection process. It is possible that this 

gene is expressed at such a low level that it is not detectable in the microarray in a relative 

trancriptome comparison, or it is possible that differential expression of this gene happens 

outside the window that was tested. It is also possible that this cellulase gene is used 

entirely for survival in pre-infective J2 and has nothing to do at all with the infective process. 

     The set of nematode genes and EST sequences represents only a very tiny portion of 

the nearly 60,000 EST sequences from various life stages of Meloidogyne spp. that are 

deposited in the nematode.net database. We are not suggesting that the annotation of this 

small set of genes is representative of the database in any way except that they are genes 
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from RKN. However, since we established that transcripts and transcript differences can be 

detected using microarrays, the information in nematode.net may provide an invaluable 

resource for identifying genes that would be useful as probes in future microarray 

experiments. 

 

MATERIALS and METHODS 

Array genes and Annotation 

     Four 96-well plates representing the egg laying stage of Meloidogyne chitwoodi and the 

J2 stage of M. hapla and M. arenaria were arbitrarily selected from stocks used to generate 

RKN EST libraries. Sequences of genes were electronically processed to remove bacterial 

and vector sequence contamination and then clustered, resulting in a unique set of 329 

sequences, representing 329 different genes. These sequences were BLASTed (Altschul et 

al., 1990) using BLASTn and BLASTx against NCBIs EST and NR databases (v2.2.12). 

Nematode EST sequences that matched to other gene sequences in the database with an 

E-value smaller than 1e-50 were considered identical (I) to that gene. Sequence hits with e-

values between 1e-25 and 1e-49 and 1e-10 and 1e-24 were ranked very similar (vs) and similar 

(s) to annotations. 

Clustering of nematode genes 

RepeatMasker version 3.0.8 (Smit et al., 1996) was employed to identify and mask 11,767 

bases of low complexity and simple repeats before assembly. The masked results were 

provided as input to the Cap3 assembler (Huang and Madan, 1999) which reported back 

305 singlets and 24 contigs. 

Material collection and Dye Ester coupling and Hybridizations and Image collection and 

Data Analysis are as described in the Materials and Methods section of Chapter 3. 
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Real-Time PCR 

     Quantitative PCR analysis was performed using the ABI Prism 7900 HT Detection 

system with SDS2.1 software (Applied Biosystems, Foster City, CA) according to 

manufacturer�s suggestions. Primers for target genes were designed using DNAStar 6 

Primer Select Program according to Applied Biosystems primer design suggestions for RT-

PCR and can be viewed in supplementary Table S4.2. cDNA was synthesized from RQ1 

Dnased (Fisher, Scientific) total RNA using Taqman Reverse Transcription reagents 

(Applied Biosystems) and the 3� gene specific primers. RT-PCR was performed using SYBR 

green PCR master mix and gene specific primers for 40 cycles at 95ºC for 15 s, 54ºC for 30 

s, and 60ºC for 1 min. A dissociation curve (95ºC for 15 s, 60ºC for 15 s, 95ºC for 15 s) was 

generated after the final PCR cycle. Fluorescent signals were detected in the 7900 HT 

Detection system. Transcript level comparisons were determined by using the comparative 

Ct method (∆∆Ct method) for each gene during exponential amplification (see 

http://www.appliedbiosystems.com/support/tutorials/pdf/performing_rq_gene_exp_rtpcr.pdf, 

pages 47-50). Dissociation curves were confirmed to have single dominant peaks for each 

gene.  Average ∆Ct values and SD for each tissue-gene and control combination for each 

replicate can be viewed in supplementary Table S4.3. The control gene DF04 was chosen 

because of its high p-values (i.e. non significant) in every statistical comparison. The 

reproducibility of expression analysis results was confirmed in two independent 

experiments.  

 

LITERATURE CITED 
(a complete list of references are listed on page 96) 
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TABLES 

Table 1: Annotation of nematode genes (not including unknown or hypothetical-protein genes). 
Library indicates which library the EST sequence is from. Gene Id is the ID of the gene as 
discussed above and also indicates the address of clone. ▲= genes that are up-regulated in 
tissue comparisons; NEL = Nematode at Egg Laying and Resis. = Infected resistant roots, both 
compared to uninfected tissue. s12 vs s36 compares infected tissue collected at 12hpi compared 
to same at 36hpi. Code refers to annotation group (Table 4.2). Rank indicates if gene sequence is 
identical (I), very similar (vs) or similar (s) to Annotation. 
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Table 2: Nematode Gene Groups. Nematode genes used in microarray analysis were grouped 
and tallied in Functional Groups according to annotation.  
 

 

 

SUPPLEMENTAL TABLES 
These tables can be found in the appendix. 
 
Table S4.1: Gene IDs and annotations, and direction change of significant genes. Genes were 
annotated using NCBI and nematode.net databases. Genes significantly up-regulated in 
statistical comparisons are indicated and regulation of genes can be compared across different 
treatment discussed in the text.  
 
Table S4.X: (Due to limitations of NCSU etd publishing, this table could not be included. Please 
request from author.) P-values and q-values for nematode gene experiment. Includes gene IDs 
and annotations, direction change of significant genes, and p- and q-values associated with each 
gene for each statistical comparison. Annotations are as described above. 
 
Table S4.2: RT-PCR primers for nematode genes used in quantitative PCR analysis. 
 
Table S4.3: RT-PCR ∆CTs for genes used in quantitative PCR analysis.  
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FIGURES 
 

 

 

 

 

 
 
Figures 1: Volcano plots reveal nematode genes regulated during pathogenesis. Plots depict the 
log2 fold change (bottom axis) and the negative log10 of the p-value (left axis) of Infected vs 
Uninfected roots during nematode reproduction. Points above the red represent genes 
significantly expressed at q<0.05. Spots in the volcano plot on the left represent all genes 
(including tomato genes, Chapter 3) used in the analysis. The volcano plot on the right depicts 
only points representing nematode genes.  
 

 

Figure 2: Expression patterns of nematode gene regulated during pathogenesis. Each line in the 
above figures represents a gene significantly regulated between 12hpi and 36hpi.  Log2, 
averaged gene expression is plotted over time. With one exception (blue line), all gene 
expression intensities peak at 36hpi. 
 
 

 

Figure 3: Expression pattern of nematode genes regulated during a resistant response. Each line 
represents a gene significantly regulated between all resistant observations and uninfected 
tissue. Log2, normalized expression data are plotted over time. The �0� time point is included here 
even though there are no nematode transcripts in uninfected tissue, to show how each genes� 
expression is consistently �up�-regulated compared to uninfected tissue.  
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Figure 4.4: Venn diagram comparing genes identified as being significantly regulated in 
nematodes at the onset of reproduction (pink), genes significantly regulated during a susceptible 
response (blue), and genes significantly regulated during a resistant response (green). 
 

 

Figure 4.5: RT-PCR results verifying nematode array results. Results from quantitative PCR 
experiments confirm microarray results. Left axis represents fold change. s12 and s36 are 
infected susceptible tissue at 12 and 36 hours post infection. NEL represents nematode infected 
root tissue at Nematode Egg Laying Stage. 
* Depicts transcripts were detected, absolute ratios of gene expression can not be determined in 
the absence of the nematode transcripts in uninfected tissue. 
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Chapter 5: DISSCUSSION and CONCLUSIONS 

     This dissertation represents efforts to elucidate differences in gene expression during 

infection of tomato by root-knot nematode (RKN). I utilized microarrays that I designed 

using previously identified RKN-regulated genes and tomato root genes chosen from the 

TIGR database to focus on gene expression regulated in giant cells (the obligatory 

feeding site established by RKN), global regulation of host gene expression in infected 

tomato roots, and regulation of nematode genes during the first 72 hours post infection 

and during reproduction of the nematode. My application of microarrays to this system 

has revealed gene expression patterns previously not known in the RKN-plant 

interaction, and has revealed potential, novel targets for transgenic approaches to 

developing RKN resistance in plants. 

     An EST library from giant cells was made previously through subtractive techniques 

using healthy root tissue, and therefore transcripts found in the library are comparatively 

up-regulated in GCs. At the time of library construction, EST sequences were annotated 

with gene names when possible, but many were considered pioneers (as described in 

Chapter 2). Giant cells are a unique cell type, only found in the presence of RKN, and to 

decipher native (i.e. uninfected) expression patterns of these genes, a profile of 

transcriptional behavior of these genes in other plant tissue was developed. A wide 

range of transcriptional ubiquity was revealed, from genes that have yet to be detected 

in any other plant tissue to genes that literally have been detected hundreds of times.  

     RKN not only induces changes in the plant cells they feed from, but the plant tissue 

surrounding the feeding site also undergoes morphological changes and basic plant 

processes, especially metabolism (Bird, 1975), are also affected. Global changes in 

gene expression were examined using microarrays. Probes were chosen based on 

known expression profiles in roots, but most genes are also expressed in other plant 

tissues well. I found that many genes are globally regulated during infection and 
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reproduction of RKN, and that the expression of these genes follows a pattern over time. 

Regulated genes were also grouped according to Gene Ontology (GO) classifications, 

and there is a substantial difference in how genes in classification groups are regulated. 

Finally, I identified a list of host genes regulated during a resistant reaction to nematode 

infection. The expression of one of these genes, similar to a glycosyltransferase, was 

silenced in a resistant plant and subsequently, nematodes were able to infect the roots. 

This gene was selected because it was repeatedly identified as being important in the 

transcriptional response during a resistance reaction. The observation that silencing 

expression confers susceptibility provides both evidence that this gene is involved in the 

resistance response and validation for array approach to identify candidate genes. 

     In order to completely understand any host-parasite interaction, both the host and the 

parasite must be taken into account. To complete my analysis, I looked at how gene 

expression in the nematode changes over time during the infection cycle. Elucidating 

differential gene expression in the nematode may not only provide clues as to how it 

effects the change in plant cells, but also how the nematode progresses in its life cycle 

once its own re-initiation of development begins. Early in infection, there is a far greater 

amount of root tissue compared to nematode tissue and it was initially speculated that 

using root tissue infected with nematodes (as opposed to trying to dissect the 

nematodes out) runs the risk of diluting the nematode transcripts so much with those 

from the tomato tissues that detection of the nematode transcripts would be lost. I was 

able to determine that nematode transcripts were indeed not only detectable but also 

found differences in gene expression over the time during nematode feeding site 

establishment. The ability to examine both host and nematode transcriptional profiles in 

coordinated real-time is a critical advance in our ability to dissect the interaction. This is 

the first report of a method to achieve this objective, and suggests that further refinement 

of the technique may enable more detailed analysis of the interaction. 
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Gene expression patterns are similar between tomato and nematode during 

susceptible and resistant interactions 

     It is interesting to note that nematode gene expression patterns reflect tomato gene 

expression patterns during both susceptible and resistant interactions. In other words, 

expression patterns in the susceptible interaction fluctuate in both nematode and tomato 

over early points post infection, and they are consistent in the resistant reaction. This 

observation may reflect the intimate interaction and co-evolution between host and 

parasite, as clearly neither expression pattern would occur in the absence of the other. 

     Since the main objective of the microarray experiment was to detect differences in 

the plant transcriptome over the first 72 hours post infection (hpi) by RKN on tomato, 

time points were chosen to capture plant gene expression during the predicted time of 

feeding site initiation (12hpi) and early maintenance of the established feeding site 

(72hpi). An intermediate time point was also chosen at 36hpi to capture what I predicted 

to be a transitional stage between initiation and maintenance of the giant cell. I found 

that, in a susceptible reaction, differentially regulated genes in both tomato and 

nematode have peaks and/or valleys of expression over the course of feeding site 

establishment. The expression of nearly 15% of the genes on the microarray peaked 

above then below (12 to 36hpi) -or vice versa- the average uninfected expression level 

of each gene, and by 72hpi gene expressions were returning to basal (uninfected) level. 

This dramatic shift in gene expression takes place in over 99% of the significantly 

regulated genes between 12 and 36hpi. I found a lower percentage of nematode genes 

were significantly regulated between 12 - 36hpi (4%), but that all genes, with one 

exception, also exhibited a peak in expression at 36hpi. As the main goal of the 

experiment was to establish changes in plant gene expression, a time frame was not 

chosen to establish gene expression of the nematode during feeding site initiation. 

Rather, it was a secondary objective to determine whether or not difference in nematode 
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gene expression could be detected using a microarray queried with RNA prepared from 

infected root tissue. I was able to clearly establish that nematode transcripts and 

differences in gene expression are detectable, and was also able to establish an 

expression profile over time during the latter part of the initiation effort by the nematode.  

     It is possible, in the simplest of scenarios, that the nematode uses the same signal(s) 

to elicit the formation of and maintain the feeding site. The fact that gene expression on 

both sides of the interaction changes so dramatically means this simplest case scenario 

is probably not the complete story. Because both gene expression and cellular 

metabolism are constantly varying, there is a fluctuation of signal and response (cause 

and effect) for both the plant and the nematode, although it would not appear obvious 

from a first glimpse at the data. These results clearly show the interaction is at once 

complex and elegantly evolved between nematode and host. Exactly how these changes 

are effected and what role the differentially expressed plant genes play in giant cell and 

gall formation is still unknown, but the data reported herein shed light on successful 

feeding site initiation and provide platforms for further study. For example, over half the 

genes related to ribosomal protein synthesis are up-regulated between 12 and 36hpi. 

Does this mean the nematode stops all cellular processes in the developing plant cells 

and then reinitiates development in its own fashion? Or is this phenomenon the plants 

response to interruption of normal cell development, an attempt to bring all its cellular 

machinery back to life to try to establish basal gene expression in these cells? The ability 

to separate which plant genes� expression are necessarily changed to form giant cells 

and those genes� expressions that are changed as a side effect is a daunting task, but 

key to understanding how these feeding sites develop. I have provided a list of candidate 

genes (genes determined to be significantly regulated in a susceptible interaction, 

Chapter 3, supplementary Table S3.2) that provide many potential candidates for gene 

silencing and transcript localization assays that could be used to address this point.  
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     I have also provided a list of nematode genes that may be relevant to the life cycle of 

the nematode, and/or relevant to force the switch between feeding sites initiation to 

maintenance. Once the giant cells have been formed, they need a continuous signal 

from the nematode or they die (Bird, 1962). Although this observation may be a clue that 

the eventual fate of the induced feeding cells is programmed cell death (Bird, 1996), it is 

beyond the scope of this project to speculate further. The timing of the regulated genes 

reported herein may suggest that they are not used for feeding site initiation; this most 

likely happens before 12hpi and it seems unlikely that the expression of genes needed 

to initiate the feeding site would be up-regulated again after 36hpi. My analysis of 

nematode gene expression during the infection cycle in a susceptible host reveals that 

the nematode is in close synchronization with the host. It seems likely that the nematode 

provides subtle signals to manipulate plant cell development very early in the interaction, 

and then supplies a maintenance signal throughout its life cycle. 

     Tomato and RKN have gene expression profiles in an infected-resistance response 

that reflect their intimate association. In this case, both plant genes and nematode genes 

appear to stay regulated at initiation levels, i.e., plant and nematode genes that are up-

regulated at the suspected time of initiation stay up-regulated. Plant genes that are 

repressed, stay repressed. It is attractive to think of this interaction as a stand off 

between the nematode and the plant because my results show that gene expression (of 

both nematode and host) fluctuates in the susceptible response, whereas they do not in 

the resistance response. The nematode is trying to initiate a change, but no feeding site 

forms. The nematode can not feed until the feeding sites are established and must rely 

on food reserves in the gut from the time they hatch until the time they get nutrition from 

the feeding site. The plant is able to prevent feeding site initiation and the nematode 

either starves or must leave the root in search of another host. Nematode genes found 

to be up-regulated throughout the first 72hpi may represent genes that are utilized during 
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initiation of feeding sites, or perhaps while the nematode sends out probing signals, 

waiting for the a proper signal response from the plant to enable it to initiate a feeding 

site. If it is true that the nematode continually attempts feeding site formation in a 

resistant host, it may be possible to use these gene expression patterns to provide clues 

as to genes necessary to induce giant cells in the susceptible interaction. In any case, it 

is clear that the nematode does not alter its expression patterns for the first 72 hours 

after infection of a resistant host. 

     Expression profiles of nematode genes taken from pre-infective J2 and from infected 

root tissue before a plant response is detected might shed some light on the role of the 

nematode genes we found up-regulated during a resistant response, and the results 

reported herein may provide clues as to how to look for genes expressed at low levels. If 

a number of genes up-regulated as the nematode initiates the feeding site correspond to 

those that are up-regulated in a resistant response, it would support the idea that the 

nematode is stuck trying to initiate a feeding site. An expression profile of pre-infective 

J2 would give us some base line of expression before root infection and feeding site 

initiation and would also allow us to detect genes in the nematode that are down-

regulated during RKN and plant interactions.  

Many tomato and nematode genes regulated during infection are novel  

     It is clear that RKN utilize a number of plant genes that are well characterized and 

have ubiquitous expression patterns. In cases where the genes have been well 

annotated and functionally analyzed, these data facilitate understanding the role genes 

may play in feeding site induction. In many other studies, it is because of an annotation 

that some genes are chosen to study expression in feeding sites and galls (Hammes et 

al, 2005). But I also found a large number of novel genes and genes with no attributable 

function that are regulated in both plants and nematodes during feeding site formation 

and maintenance. In the giant cell library there are 61 genes that have no known 
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function, and very few of these have ever been identified as being expressed in other 

plant tissues. Approximately 150 globally regulated tomato genes and nearly 80 

nematode genes regulated during infection also have no known function. While it is good 

to have these genes as a resource, genes that are yet to be annotated do not really help 

elucidate how successful infections or resistant responses happen. They do, however, 

point out ways forward to examine both this interaction and normal plant developmental 

processes. Although the nematode most likely carries genes specifically evolved to 

enable parasitism of plants, it is very unlikely that plants carry genes to allow nematode 

parasitism. Ironically, nematode infection may provide vital clues about genes involved in 

normal plant development. 

     Another way to annotate genes is through the use of computational approaches that 

predict the function(s) of a gene by comparing gene sequences to characterized motifs. 

Popular prediction programs and websites include InterProScan, which predicts protein 

function, and the GO website, which predicts molecular function, biological processes 

and cellular components from gene sequences. Tomato genes, also known as tentative 

sequence clusters (TCs) in TIGRs LeGI database have been scanned for GO motifs and 

these results have illuminated some characteristics from genes that have yet to be 

annotated with name or function. For example, I used GO annotations to group globally 

regulated genes, some of which had no annotation, and was able to establish that most 

of the genes with antioxidant motifs were repressed in tomato roots during nematode 

reproduction. This is significant for several reasons. First, it appears that the nematode 

is able to cause the plant to inhibit expression of an entire class of genes during the 

infection cycle, although the mechanisms remain unknown. Second, these genes may 

be involved in defense responses in the plant, which suggests that the nematode 

actively suppresses host defense responses. Of course, this is speculative but also 

suggests further avenues for research. One factor that makes this kind of annotation so 
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successful are long sequence reads, or long clusters of sequences. TIGRs LeGI gene 

sequences are often hundreds to a thousand base pairs (bp), achieved by a vast 

clustering effort of over 130,000 ESTs.  

     Most of the novel sequences from the giant cell library and our randomly selected 

nematode set are only between 100 to 300bp. These reads are not long enough to yield 

many results using the GO website and in my experience, using our in-house 

amalgamation of protein motif finder programs yielded remarkably few results for the 

shorter sequences. My recommendations for resolving this issue are different for the GC 

and nematode sequences.  

     Although a monumental effort at the time, some of the GC clones from the original 

library (Wilson and Bird, 1994) were quite short. It is likely that re-cloning these novel 

genes will yield longer, maybe even full length cDNAs that will thus generate longer 

sequences. In addition, the tomato genome sequencing project will provide full-length 

genomic sequences of the GC regulated genes. Nevertheless, the giant cell library 

provided the first glimpse of plant gene expression during RKN pathogenesis. By 

utilizing this information, we may be able to identify both full length sequences and the 

pathways the genes may be in during normal plant development. This, in turn, will 

provide clues as to the pathways the nematodes must manipulate to form giant cells.  

     Another vast EST sequencing initiative has been to sequence expression libraries 

from different life stages of various nematodes (McCarter et al, 2005). These sequences 

are deposited and clustered in the nematode.net database, similar to the TIGR tomato 

database. It is unlikely that the number of gene annotations will increase with the use of 

this website (gene annotations were based on the same methods as used by 

nematode.net), but longer sequence reads of our genes (obtained by clustering ESTs) 

may yield more information when queried into motif scanning programs such as those 

used by the GO annotation website and InterProScan. 
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     To extrapolate as much information from infection-related novel genes as we can, it is 

necessary to obtain longer reads of the sequences. For the nematode genes, the first 

approach is to utilize the nematode sequence databases and assign longer sequence 

reads (when possible) to our nematode genes. For the novel giant cell genes this is 

more difficult. These genes have already been queried into the TIGR LeGI database 

which, in some cases but not all, has produced matches to other gene sequences. The 

best hope for achieving longer sequence reads of novel genes (and thus more 

information from motif prediction programs) is to re-clone these genes.  

Resistance may rely on manipulation of feeding signals 

     It is also remarkable that there is overlap in gene expression in resistant tomato roots 

and roots infected with reproducing nematodes, and this pattern is duplicated in genes 

regulated in the nematode. Not only are many of the same genes regulated, but those 

that are in common are all regulated in the same direction. This is not surprising for 

expression of the nematode genes; since one tissue lacks any transcripts; all the 

regulated genes appear to be up-regulated. It is surprising that 100% of the commonly 

regulated tomato genes change in the same direction: in other words, both repressed 

and up-regulated genes respond in similar ways in roots infected with reproducing 

nematodes and resistant hosts. It is possible that some of the same genes or 

mechanisms are used by the nematode in what appears to be two completely different 

circumstances.  

     What nematodes in resistant roots and reproducing nematodes have in common is 

that neither of them is in feeding stage. Using pulse-chase experiments with labeled 

carbon, (Bird, 1975) demonstrated that peak nematode feeding occurs during the late J2 

stage and steadily declines for the rest of the life cycle. These results strongly imply that 

reproducing nematodes are not acting as nutrient sinks for plant resources at this stage 

of their life cycle, i.e., they don�t feed. It is likely that by the time the nematodes reach 
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maturity and start laying their eggs, feeding is no longer necessary as sufficient nutrient 

reserves have been accumulated. It is unlikely that the plant starts restricting resources 

so late in the nematodes life cycle; if a plant could restrict its resources, it is presumable 

that it would have done so sooner.  

     Most of the nematode genes whose expression overlaps between starved and 

reproducing nematodes are unknown in function. Two of these genes are ribosomal 

protein synthesis genes, and one is a probable inositol monophosphatase. Inositol is 

part of the vitamin B-complex and is required for proper formation of cell membranes. 

Annotation of tomato genes regulated in common between these two tissues does not 

reveal a set or a category of genes that would make this apparent discrepancy clear 

either. Four of the 17 genes have unknown function, 2 are related to ribosome protein 

synthesis, and the rest do not appear to have functions that relate any one of them to the 

others. It is worth further study however, because an in-depth, detailed analysis of a set 

of genes that are regulated in both the nematode and plant during a condition of forced 

anti-feeding (as is the case of the nematodes in the resistant root tissue) and another 

condition of voluntary anti-feeding (as is the case of reproducing nematodes in 

susceptible tissue) may provide clues as to how resistance for this particular plant-

pathogen interaction works.  

          One gene (TC166108) significantly regulated in resistant tissue compared to 

uninfected tissue has very high similarity to a Medicago glycosyltransferase. This gene is 

annotated by GO in the biological process ontology as involved in the biosynthesis of 

carbohydrates. Viral induced gene silencing experiments indicate that transcript 

silencing results in the loss of resistance in Motelle and may provide some confirmation 

that manipulation of feeding signals is directly related to RKN resistance in tomato 

plants. As is the case with many other host-pathogen systems in a resistance response, 

the hypersensitive response (HR), a typical symptom associated Mi:RKN mediated 
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resistance, remains obscure in terms of cause or effect. The HR is a rapid and localized 

programmed cell death of host cells that occurs at the site of infection of an avirulent 

pathogen (Heath, 2000). The relative role of the HR remains unclear and has been 

shown in numerous studies that HR cell death is not required for R mediated disease 

resistance (Bendahmane et al, 1999; Jurkowski et al 2004; del Pozo and Lam, 1998). If 

manipulation of glycosyltransferase as a feeding signal results in a loss of resistance it 

may suggest that, in this case, the HR response is not the cause of resistance, it is an 

effect.  

     Other evidence suggests that the HR response can be uncoupled to the defense 

response (Jurkowski et al, 2004). Arabidopsis defense, no death mutants (dnd) have 

been characterized (Chan et al, 2003; Clough et al, 2000; Yu et al, 1998). Arabidopsis 

dnd1 plants differ from most �constitutive defense� mutants in that they produce little or 

no HR in response to avirulent Pseudomonas syringae (Yu et al, 1998) yet retain a 

strong R gene-mediated disease resistance (Jurkowski et al, 2004). Jurkowski et al, 

(2004) also characterizes Arabidopsis dnd2 mutants as well as providing a summery of 

recent work on HR and dnd1 mutants. Taken together, these studies suggest that HR is 

not needed for all resistant interactions and further supports the idea that other signals 

and response interactions can be directly responsible for the resistant response. It is 

tantalizing that we may have just come on such a case with RKN resistance in tomato.  

Conclusions 

 The experiments reported herein demonstrate clearly that the nematode-plant 

interaction is extraordinarily complex. Multiple gene pathways appear to be involved in 

the successful establishment of giant cells, yet it remains unclear what is necessary and 

sufficient and what is simply induced as part of a greater response. In other words, are 

all these regulated genes necessary for feeding site formation, or are some simply 

carried along but have no real function in the interaction? This question is critical to 
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beginning to unravel nematode induction of giant cells, and this work represents the first 

comprehensive step towards an answer. In addition, examining nematode gene 

expression at the same time will clearly provide clues to the induction process as well. If 

we can identify nematode genes that may either interact with plant processes directly, or 

cause specific plant gene expression shifts by subtle manipulation of physiological 

conditions, these genes are very likely to be key in the host-parasite interaction.  

     Although much has been said about secreted proteins from the nematode 

esophageal glands, encoded by so-called parasitism genes (Davis et al, 2000), no direct 

interaction has ever been demonstrated. The comprehensive approach I have taken is 

an unbiased one, in that no preconceived ideas where applied to the experimental 

design. A number of the plant genes identified in my studies have been shown to be 

important in the interaction, both in these studies and by others. This result shows the 

value of a comprehensive approach. Although it seems likely that direct interactions 

between nematode molecules and plant receptors occur, it remains to be demonstrated. 

This study has provided a platform for further studies on the nematode interaction, and 

also provides clues to basic plant developmental mechanisms. This data will also be a 

platform for metabolic studies, which may provide the key to unraveling the complex 

induction of giant cells. In any case, these data are both a large step in our 

understanding of the interaction, and a reminder of how much we have yet to uncover.  
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APPENDIX 
 
 
Table S2.1: Annotations of 186 unique genes. Sequence length (of clone sequence); alt GC = 
other GC#s with same sequence, Cluster info = nc, no TIGR cluster determined for gene. Rank: I 
= Identicle, o = Ortholoug, vs = very similar, s = similar, n = no known function. Giant Cell number 
corresponds to Genbank Accession # and Annotation is as explained in the text. Bold GC# 
indicated gene used in unique set. 
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Table S2.1: (continued) 
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Table S2.1: (continued) 
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Table S2.1: (continued) 
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Table S2.1: (continued) 
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Table S2.2: Color coded matrix. Matrix reveals expression profile of giant cell genes in other 
tomato tissues. TIGR gene clusters for each giant cell gene were examined for transcript 
abundance in other libraries. ESTs from other libraries were tallied and expressed as a 
percentage of that library, then color coded for easy visualization. For example, the TIGR cluster 
in which giant cell gene 249 is a part of also contains a number of transcripts from a callus (cal) 
library. This table has been sorted to identify genes that are regulated in common between the 
giant cell library and libraries made from susceptible and resistant tomato material infected with 
Psuedomonas syringae. GC# = number of giant cell clone and the corresponding Genbank 
Accession number. cg = crown gall; ndr = nutrient deficient roots; rfs = roots at fruit set; rpa = 
roots, plant at pre-anthesis; sus = tomato tissue susceptible to and challenged with 
Pseudomonas syringae; res = tomato tissue resistant to and challenged with P. syringae; cal = 
callus; sc-u = suspension culture, untreated; ov = ovary tissue; d/ig = developing, immature green 
fruit; mg = mature green fruit; frr = red ripe fruit; bf = breaker fruit; mix = mixed elicitor; s/m = 
shoot and meristem tissue; erad = etiolated radical; gs = germinating seedlings; gc = giant cells 
 
(Due to limitations of NCSU etd publishing, this table could not be included as an electronic, 
sortable file. Please request from author.) 
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Table S3.1: Gene IDs and Annotations, Direction Change of Significant Genes. Gene IDs and 
most Annotations according to TIGR LeGI. Some hand annotations as described in Ch 3. The 
symbols ▲ and  ▼ describes genes significantly up-regulated and repressed (respectively) in 
statistical comparisons: Mixed = non-synchronously infected roots (grown in the greenhouse) 
compared to uninfected tissue, REL = infected roots at nematode egg laying compared to 
uninfected tissue; 12hpi-36hpi = all observations of infected tissue, 36hpi compared to 12hpi; 
s12hpi-s36hpi = same as previous, only susceptible observations used; resistant = infected 
resistant roots compared to uninfected tissue. Gene group as described in Table 1. Giant Cell Lib 
# = Clone number from Giant Cell Library, * = in infected tissue relative to uninfected tissue 
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Table S3.1 (continued) 
 

 
 



 113

Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
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Table S3.1 (continued) 
 

 
 
 
 
 
 



 127

Table S3.2: Keyword to identify gene groups. Gene annotations or identities were assigned from 
the TIGR database or hand annotated using NCBI database and annotations were searched with 
keywords 
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Table S3.3: Predicted protein motifs found in tomato array root genes. Tomato gene sequences 
were analyzed using protein motif prediction programs. Gene groups - Motif names were 
manually curated to find groups of genes with functions corresponding to the list in Table 1; 
Protein motifs were found with prediction programs (we found 1040 motifs in all, see Table 3S); 
predicted protein motifs were tallied for all genes and results tabulated in all motifs; Only 
predicted motifs in genes found to be significantly up-regulated (up-reg) and repressed (repress) 
in different comparisons were tabulated and can be compared to determine how the same motif is 
�regulated� in other treatment comparisons. Mixed = Roots non-synchronously infected with RKN; 
REL = Infected roots at nematodes� egg laying stage; s12-s36 = infected susceptible tissue 12hpi 
compared to same at 36hpi; Resist response = resistant tissue compared to uninfected tissue. 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
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Table S3.3 (continued) 
 

 
 
 
 
Table S3.4: RT-PCR primers for tomato genes 
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Table S3.5:RT-PCR ∆CTs. Averaged Ct and Ct SD values for each tissue-gene combination. 
Calculations for providing log fold changes and final SDs can be found at: 
http://www.appliedbiosystems.com/support/tutorials/pdf/performing_rq_gene_exp_rtpcr.pdf 
0 = uninfected root tips, s12 = susceptible roots tips infected with RKN and harvested 12 hours 
post infection (hpi), s36 = same as above, but harvested 36hpi, r12 = resistant root tips infected 
with RKN and harvested 12hpi, uninf. (8w) = harvested from 8 week old uninfected root tissue, 
REL = Roots infected with reproducing nematodes, roots are approximately 8w old 
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Table S4.1: Annotation of nematode genes (other than those described as unknown or 
hypothetical). Library indicates which library the EST sequence is from. Gene ID is the ID of the 
gene as discussed in the paper and also indicates the address of clone. ▲= genes that are up-
regulated in the comparisons; NEL = Nematode at Egg Laying and Resis. = Infected resistant 
roots, both compared to uninfected tissue, and s12 vs s36 compares infected tissue collected at 
12hpi compared to same at 36hpi. Code refers to annotation group (Table 2). Rank indicates if 
gene sequence is Identicel (I), very similar (vs) or similar (s) to Annotation. 
 

 
 



 146

Table S4.1: (continued) 
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Table S4.1: (continued) 
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Table S4.1: (continued) 
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Table S4.1: (continued) 
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Table S4.2: RT-PCR primers for nematode genes 
 

 
 
 
 
 
 
Table S4.4:RT-PCR ∆CTs. Averaged Ct and Ct SD values for each tissue-gene combination. 
Calculations for providing log fold changes and final SDs can be found at: 
http://www.appliedbiosystems.com/support/tutorials/pdf/performing_rq_gene_exp_rtpcr.pdf  
s12 = susceptible roots infected with RKN and harvested 12 hours post infection (hpi), s36 = 
same as above, but harvested 36hpi, s72 = same as above, but harvested 72hpi, uninf. (4w) = 
uninfected tissue harvested in 4 week old root tissue, grown and collected in parrallel with 
infected roots, uninf. (8w) = same as above, but harvested from 8 week old root tissue, REL = 
Roots infected with reproducing nematodes, roots are approximately 8w old, ND = Data not 
determined, undetermined = transcripts not detected. 
 

 


