
ABSTRACT 

SCHWERI, KATHRYN KELLER. Plant Resistance to Root-Knot Nematodes through RNA 

Interference Targeting a Parasitism Gene. (Under the direction of Eric Davis). 

Root-knot nematodes (RKN), members of the genus Meloidogyne, are sedentary 

plant-parasitic nematodes that infect multiple crop species and cause staggering economic 

losses worldwide.  Proteins produced in specialized esophageal gland cells are secreted from 

the stylet of RKN to transform recipient host plant root cells into multinucleate giant-cells 

that are essential for nematode feeding.  The peptide encoded by the Meloidogyne incognita 

16D10 parasitism gene has previously been shown to be involved in giant-cell formation, and 

host-derived RNA interference (RNAi) against the 16D10 transcript in Arabidopsis thaliana 

resulted in resistance to the four major species of RKN (Huang et al., 2006b).  The first 

objective of this dissertation was to transform two host crop species, tobacco and strawberry, 

with 16D10RNAi constructs and to test for resistance of the resulting transgenic plants to 

RKN species.  Haploid plants of the Nicotiana tabacum cultivars TN90 (burley) and Hicks 

(flue-cured) were transformed with the 16D10RNAi constructs used by Huang et al. (2006b), 

and doubled haploid plants were produced. Expression of siRNA by the transgenic tobacco 

was confirmed by RT-PCR and high-throughput siRNA Ion Proton sequencing.  Several 

lines of the 16D10RNAi transgenic tobacco were found to be significantly more resistant to 

root-knot nematodes than wild-type untransformed controls.  A maximum of 62% reduction 

in Meloidogyne arenaria egg production and a maximum of 52% reduction in M. incognita 

egg production were observed in TN90 16D10RNAi tobacco roots, and a maximum of 73% 

reduction in egg production of M. arenaria was observed in roots of Hicks 16D10RNAi 

tobacco plants. 



Transformation of strawberry with the 16D10-RNAi constructs was also attempted, 

however explant browning in tissue culture prevented the production of regenerated 

transgenic strawberry plants.  The research described here addresses some of the challenges 

in strawberry plant tissue culture, and suggests methods for overcoming these issues.  

The second objective of this research was to design and create new 16D10 siRNA 

expression vectors in an attempt to improve siRNA expression. Currently, all work with 

16D10RNAi has been performed using the pHANNIBAL vector (Wesley et al., 2001), which 

utilizes the CaMV 35S promoter and the PDK intron as a spacer. The 16D10RNAi-

expressing tobacco using the pHANNIBAL vector was found to be less resistant to root-knot 

nematodes than the 16D10RNAi Arabidopsis created by Huang et al. (2006b).  The purpose 

of this research was to determine if altering the 16D10RNAi expression constructs could 

produce greater siRNA expression and potentially greater resistance to root-knot nematodes.  

The 35S promoter was exchanged for two new promoters, Gmubi and Ntcel7, and the GUS 

spacer was also substituted for the PDK intron to improve hairpin double-stranded RNA 

intron splicing. Gmubi is a constitutive promoter like 35S, but has been shown to result in 

greater expression than 35S in soybean (Chiera et al. 2007). The Ntcel7 promoter is a tissue-

specific promoter that is only expressed in shoot and root meristematic tissue and weakly 

expressed in the vasculature, but has been shown to be up-regulated in giant-cells (Wang et 

al., 2007). All vectors were successfully assembled and electroporated into Agrobacterium 

tumefaciens for plant transformations.  To test the efficacy of the new constructs, they were 

all transformed into Arabidopsis thaliana using the floral dip method.  Self-pollination and 

selection of Arabidopsis to obtain homozygous lines is currently underway and the resulting 

lines will be tested for siRNA expression and root-knot nematode resistance. 
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LITERATURE REVIEW 

 

General Introduction 

Nematodes are aquatic roundworms that are members of the phylum Nematoda, and 

are the most numerous Metazoa on earth (Decraemer and Hunt, 2006).  Most are free-living, 

feeding on bacteria, fungi, and other nematodes, but some are animal or plant parasites.  

These parasitic nematodes can cause a great deal of harm to people, pets, livestock, and 

crops.  The annual damage in crop losses due to infection by plant parasitic nematodes was 

estimated at $70 billion US dollars worldwide by Sasser and Freckman in 1987, and adjusted 

for inflation it would be around $125 billion today (Chitwood, 2003).   

The genus Meloidogyne, or root-knot nematodes, arguably causes the most crop 

damage on a world-wide basis (Chitwood, 2003). The species in this genus often have a 

broad host range, and can parasitize an estimated 2,000 plant species (Sasser, 1980).  For 

example the impact in North Carolina alone in 1994 was estimated at around 1 billion dollars 

in tobacco losses, around $40 million in cucurbit losses, and $55 million in sweet potato 

losses (Koenning et al., 1999). There are more than 70 described species of root-knot 

nematodes (Karssen and Moens, 2006) and the four most prevalent and economically 

important species are Meloidogyne incognita (the Southern Root-Knot Nematode), 

Meloidogyne arenaria (the Peanut Root-Knot Nematode), Meloidogyne hapla (the Northern 

Root-Knot Nematode), and Meloidogyne javanica (the Javanese Root-Knot Nematode) 

(Sasser et al., 1983; Taylor et al., 1982). M. incognita, M. arenaria, and M. javanica all 

produce large galls and are extremely polyphagous, infecting monocots and dicots, while M. 
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hapla produces smaller galls and has a slightly smaller host range, infecting mainly dicots in 

cooler climates (Hunt and Handoo, 2009).  

 

Life Cycle of Meloidogyne species 

Root-knot nematodes undergo their first molt in the egg, and hatch as second-stage 

juveniles (J2s) (Figure 1).  Second-stage juveniles are the infective stage of the nematode life 

cycle, and are attracted to roots over a long distance by various soil conditions, including 

CO2 (Pline and Dusenbery, 1987) and heat (Dusenbery, 1988; Pline et al., 1988).  Once the 

J2s are in the vicinity of the roots they are attracted to root exudates (Prot, 1980).  The J2s 

penetrate the root near the root tip and migrate intercellularly to the vascular bundle using 

blunt force from their protrusible stylet (a hollow oral spear) and the release of cell wall 

degrading enzymes such as endoglucanases (Rosso et al., 1999), pectate lyases (Doyle and 

Lambert, 2002), and xylanases (Dautova et al., 2001), which degrade cellulose, pectin and 

hemicellulose, respectively.   

Upon reaching the vascular bundle in the root they begin to transform 5-7 xylem 

parenchyma cells into giant-cells using proteinaceous secretions from their stylets (Wyss et 

al., 1992; Sundermann and Hussey, 1988; Bird, 1968; Bird and Saurer, 1967).  These giant-

cells become permanent large, multinucleate feeding cells with increased numbers of cell 

organelles that arise from karyokinesis without cytokinesis, and function as nutrient sinks to 

feed the growing nematode (Huang, 1985; Hussey, 1985). Giant cells have increased 

metabolic rates and increased rates of movement of photosynthates from shoots to roots 

(McClure, 1977; Bird and Loveys, 1975). Giant-cells develop thickened secondary cell walls 
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with numerous cell wall ingrowths that are thought to facilitate metabolite transfer into the 

cells (Jones, 1981). Localized cellular division (hyperplasia) surrounds the giant-cells 

resulting in the intercalary galls (knots) that can be observed on root-knot nematode-infected 

roots. Feeding does not occur until the giant-cells are formed, and consists of distinct cycles 

of metacorpal bulb pumping as secretions are exuded followed by periods of feeding 

(Sijmons et al., 1994; Wyss et al., 1992).  These cycles of feeding and exudation have also 

been observed in other sedentary plant-parasitic nematodes including the beet-cyst nematode, 

Heterodera schachtii (Wyss, 1992; Wyss and Zunke, 1986). Feeding from the giant-cells is 

also characterized by the production of a feeding tube in the giant-cells, which is thought to 

act as a sieve excluding large particles (Hussey and Mims, 1991; Ruppenhorst, 1984). After 

feeding begins, the J2s molt quickly through J3/J4 stages in the same cuticle without feeding. 

Non-feeding, non-sexual males are produced minimally in the major RKN species with the 

majority of adults emerging as enlarged, pyriform females within the gall tissue.  During 

development to adult female the somatic muscles atrophy, causing them to become 

completely sedentary, making them entirely dependent on the giant-cells for nutrition for the 

remainder of their life cycle. While the major root-knot nematodes reproduce asexually by 

parthenogenesis, sexual males are produced in both facultative amphimictic species such as 

Meloidogyne hapla (Goldstein and Triantaphyllou, 1982) and in parthenogenic species, 

although they are produced more often in parthenogenic species when stresses such as 

overcrowding or food shortages occur.  Each female lays several hundred eggs into a 

gelatinous mass produced by the female’s rectal glands that are usually deposited on the 

surface of the root gall, although in rare cases they may be embedded in root tissue as well. 
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The life cycle of the major RKN species is about one month under relatively optimal 

conditions, allowing multiple generations during a typical crop growing season. 

 

Nematode Secreted Effectors  

Plant parasitic nematodes have evolved elaborate secretory cells in the esophagus that 

connect to the stylet (Figure 2) and change in contents and activity during parasitism (Davis 

et al., 2008; Hussey 1989).  These secretory cells are called esophageal gland cells, and root-

knot nematodes have three esophageal gland cells, one dorsal gland and two subventral 

glands.  They have a cytoplasmic extension ending in a storage ampulla, which is connected 

to the esophageal lumen by an elaborate valve through which the secretory granules can be 

pumped into the esophagus and out through the stylet (Hussey and Mims, 1990). Evidence 

suggests that these secretory granules contain effector proteins that root-knot nematodes 

secrete through the stylet to modify plant cells for feeding (Davis et al., 2004; Hussey et al., 

1994; Mitchum et al., 2013; Sijmons et al., 1994). As these effector molecules are essential 

for parasitism, the genes that encode them are known as parasitism genes (Davis et al., 2000). 

Endoglucanases and other cell-wall modifying enzymes are expressed by the subventral 

glands (Rosso et al., 1999), which are most active during migration and the early stages of 

development (Hussey and Mims, 1990; Bird, 1983).  During the parasitic stages, the dorsal 

gland becomes enlarged and secretory granule production in the dorsal gland increases, while 

secretory granule production in the subventral glands decreases (Hussey and Mims, 1990; 

Bird, 1983). This indicates that proteins found to be secreted from the subventral glands are 

most likely involved in early plant-parasite interactions such as migration in roots and the 
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early stages of feeding site formation, while proteins secreted by the dorsal gland are more 

likely to be involved in giant cell formation and maintenance (Davis et al., 2000). 

Several methods of identifying the effector proteins in the root-knot nematode 

secretome have been used (Rosso et al., 2012). Huang et al. (2003) microaspirated the 

esophageal gland cells of 10 different stages of root-knot nematode and created gland cell 

cDNA libraries and sequenced 2,452 cDNA clones.  Of these clones, only 185 had a signal 

peptide signaling for secretion as determined by SignalP analysis (Nielsen et al., 1997). The 

presence of a signal peptide indicates that the protein is secreted from the cell, which in 

theory would be necessary for it to be exuded by the nematode (Davis et al., 2008). To 

further screen the library the 185 clones were subjected to high-throughput in situ mRNA 

hybridization in M. incognita (Huang et al., 2003).  Of the 185 genes, only 37 were found to 

specifically hybridize to transcripts accumulating in either the subventral or dorsal glands, 

making them putative parasitism genes that encode secreted nematode effector proteins. 

Another method of identifying putative effectors is to mine the genomes of root-knot 

nematodes.  This method has only become available since the sequencing of the M. incognita 

genome (Abad et al., 2008) and sequencing of the M. hapla genome (Opperman et al., 2008). 

While the functions of many of the potential parasitism genes in Meloidogyne spp. are 

still unknown, the functions of many other important effectors have now been discovered 

(Mitchum et al., 2013; Haegeman et al., 2012). Cell wall-degrading enzymes that help 

nematodes invade the root tissue were some of the first RKN effectors to be identified, 

including endoglucanases (Abad et al., 2008; Bellafiore et al., 2008; Bera-Maillet et al., 

2000; Opperman et al., 2008; Roze et al., 2008; Ledger et al., 2006; Rosso et al., 1999), 
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pectate lyases (Abad et al., 2008; Bellafiore et al., 2008; Opperman et al., 2008; Roze et al., 

2008; Huang et al., 2005a; Doyle and Lambert, 2002), xylanases (Abad et al., 2008; Mitreva-

Datova et al., 2006), and proteases (Viera et al., 2011). Meloidogyne spp. also secrete 

proteins that may help with protection from plant defenses including glutathione-S-

transferases (Dubreuil et al., 2007) and peroxiredoxin (Dubreuil et al., 2011).  Some 

examples of other putative parasitism genes identified are chorismate mutase (Huang et al., 

2005b; Lambert et al., 1999), cytokinin (De Meutter et al., 2003), the venom allergen-like 

protein (Ding et al., 2000), calreticulin (Jaubert et al., 2002), acid phosphatase (Huang et al., 

2003), and 16D10 (Huang et al., 2003). 

 

The Root-Knot Nematode 16D10 Parasitism Gene 

The 16D10 parasitism gene discovered by Huang et al. (2003) was most highly 

expressed in the subventral glands of infective J2 of RKN but also had some expression in 

the subventral glands in later parasitic nematode stages.  This gene was of particular interest 

since the subventral glands are generally less active in later parasitic stages.  Also, the 16D10 

gene (Huang et al., 2006a; Huang et al., 2003,) encoded a novel and unusually small mature 

peptide, only 13aa in length, less than half the size of its secretion signal peptide (30 aa) 

(Wang et al., 2001).  Huang (2006a) performed Western dot blots and ELISA of root-knot 

nematode stylet secretions and showed that the 16D10 protein was secreted from the stylet 

when secretion was induced by resorcinol.  A southern blot of the four major species of root-

knot nematode showed that 16D10 is conserved in all four major species, although the blot in 

M. hapla was faint and distinct from the other three species, but was absent from species 
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tested in two other nematode genera, Heterodera glycines and Caenorhabditis elegans.  To 

determine whether 16D10 was present in plants, a southern blot with DNA from Nicotiana 

tabacum and Arabidopsis thaliana was performed, and the 16D10 gene was not found 

(Huang et al., 2006a).  BLASTp searches confirmed that the predicted 16D10 sequence was 

unique, but conserved among existing database entries for root-knot nematode species. 

Although 16D10 had some similarity to CLE signal peptides of plants (Huang et al., 2006; 

Mitchum et al. 2012), expression of 16D10 in Arabidopsis did not produce a CLE phenotype 

nor complement a clv-3 mutant (Huang et al., 2006a). Overexpression of the 16D10 gene in 

Arabidopsis, however, did produce transgenic plants with significantly increased root lengths 

due to increased root cell division (Huang et al., 2006a).  A yeast two-hybrid protein 

interaction assay showed that 16D10 interacts with plant SCARECROW-like transcription 

factors (Di Laurenzio et al., 1996) specifically the SAW domain of SCL proteins (Huang et 

al., 2006a). The SCARECROW transcription factor in Arabidopsis has been shown to be 

involved in early cell differentiation (Scheres et al., 1995) and in asymmetric cell division 

(Di Laurenzio et al., 1996). This interaction with a transcription factor involved in cell 

differentiation led to the conclusion that the 16D10 effector might potentially regulate 

transcription in the host cell nucleus that may be involved in giant-cell formation (Huang et 

al., 2006a).  

 

Management Strategies for Meloidogyne spp.  

There are many different management tactics for controlling Meloidogyne species, 

although their effectiveness and expense can vary greatly depending on the host crop and the 
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species of root-knot nematode. Chemical control is used in relatively high-value crops, but 

human health and environmental concerns have caused many of the most effective 

nematicides to be banned (Nyczepir and Thomas, 2009). Examples of this include the 

banning of 1,2-dibromo-3-chloropropane as a soil fumigant by 1981 (Johnson and 

Feldmesser, 1987) and the phase out of methyl bromide due to its contribution to ozone 

depletion (Clean Air Act, 1990). Examples of fumigant nematicides that are still in use 

include 1,3-dichloropropene and metam sodium (Horton et al., 2007). There are also several 

non-fumigant nematistatic chemicals available, primarily organophosphates and carbamates, 

which act as acetylcholinesterase inhibitors (Nyczepir and Thomas, 2009; Opperman and 

Chang, 1990).  Unfortunately many nematicides still in use are either expensive, harmful to 

the environment, or highly toxic to non-target organisms, including humans.  This makes 

development of new non-chemical control methods important for the future of agriculture. 

 Along with chemical controls, biological and cultural control methods also have 

potential for nematode control in agriculture. One potential biological control is the 

endoparasitic bacteria Pasteuria penetrans, which parasitizes Meloidogyne spp. by producing 

endospores which penetrate the nematode body wall (Chen et al., 1996; Chen et al., 1997; 

Sayre and Starr, 1985).   Another biological management strategy is the use of 

nematophagous fungi such as Paecilomyces lilacinus and Pochonia chlamydosporia 

(Siddiqui and Mahmood, 1996).  Unfortunately biological controls display limited 

effectiveness and the current costs of culturing sufficient quantities of biological materials 

can be prohibitive for most uses in the field.  Cultural control methods for nematodes such as 

crop rotation, solarization, sanitation, soil amendments, and trap cropping also have potential, 
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but the wide host range of root-knot nematodes and long-term survivability of nematode eggs 

in the soil can limit the effectiveness of these practices for root-knot nematode control. 

An important and effective management strategy for plant parasitic nematodes is the 

development and use of resistant crop cultivars.  Sources of resistance are available for many 

crops including, but not limited to, the RKN genes in cotton (Wang et al., 2006), the Mur1 

gene in grape (Cousins et al., 2003), the Me genes in pepper (Djian-Caporalino et al. 2007), 

the Rk gene in tobacco (Yi et al., 1998), and the Mi genes in tomato (Yaghoobi et al., 1995). 

However, sources of resistance are not available for all hosts of root-knot nematodes 

(Williamson and Roberts, 2009).  Another problem with host resistance obtained by 

conventional breeding methods is that many resistance genes are only effective against a few 

species of Meloidogyne or even only a few races of one species (Williamson and Roberts, 

2009).  For example, the Rk gene in tobacco only confers resistance to M. incognita races 1 

and 3 (Yi et al., 1998). Another problem is that resistance genes are often not durable for 

long periods of time as virulent populations can evolve to overcome resistance, especially in 

the case of gene-for-gene resistance (Castagnone-Sereno, 2002). For example, virulent 

populations of M. incognita, M. arenaria and M. javanica that are able to overcome the 

resistance conferred by the Mi gene in tomato have been found in several areas where 

tomatoes are commonly grown (Devran and Söğüt, 2010; Tzortzakakis et al., 2005; Eddaoudi 

et al., 1997; Kaloshian et al., 1996). In order to address these problems, many researchers are 

investigating ways to use biotechnology to genetically engineer plants to be resistant to 

nematodes, including the use of RNA interference (Rosso et al., 2009). 
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Plant Transformation and Genetic Engineering 

 Plant transformation is a technique whereby foreign DNA is introduced into a plant in 

order to produce a genetically engineered plant that expresses a desired trait.  There are many 

ways to introduce the foreign DNA, including the use of a gene gun or a viral vector, but one 

of the most common methods is the use of Agrobacterium tumefaciens to transfer and 

integrate foreign DNA into the genome of plant cells during the bacterium’s infection 

process (Akhond and Machray, 2009).  Agrobacterium tumefaciens (originally named 

Bacterium tumefaciens) was identified as the causative agent of crown gall disease by Smith 

and Townsend in 1907, although 10 years earlier crown gall was described as caused by a 

bacterium by Fridiano Cavara (Cavara, 1897).  Crown gall disease is a particular problem for 

grapes, nut and stone fruit trees, and is characterized by the formation of a large tumor-like 

gall around the crown of the infected plant (Pacurar et al., 2011).  It was first proposed that 

the bacteria produced a “tumor inducing principle” by Braun in 1947.  The tumor inducing 

principle was first identified as the T-DNA (transferred DNA) region from the 

Agrobacterium’s Ti (tumor inducing) plasmid to the host cell genome by Chilton et al. 

(1977). In crown gall disease, the T-DNA inserted by the Agrobacterium contains 

tumorigenesis genes, which result in the formation of the characteristic galling of the plant’s 

crown (Pacurar et al., 2011).  In addition genes for opine synthesis are also transferred into 

the host genome on the plasmid, conferring an advantage to the Agrobacterium as it can use 

the opines as a source of nutrition within the infected host plant.  

Chilton (1977) recognized the potential to utilize the T-DNA of Agrobacterium to 

transfer genes-of-interest (GOI) into host plants. Her application of this discovery, along with 
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work by Schell (Koncz and Schell, 1986) and van Montagu (Van Larebeke et al., 1975) 

ushered in the era of genetically-engineered plants and earned her and van Montagu the 

World Food Prize in 2013 (Nachay, 2013).  Modern binary plasmids, which have origins of 

replication for both Escherichia coli and A. tumefaciens and are engineered to remove the 

tumorigenesis genes, were subsequently developed resulting in greatly improved plant 

transformation efficiency (Hellens et al., 2000).  Binary vectors generally have a selection 

gene, typically for antibiotic resistance, such as the neomycin phosphotransferase II (nptII), 

which confers resistance to kanamycin (Beck et al., 1982).  This selectable marker is 

generally placed in the T-DNA and allows for relatively easy selection (survival) of both 

bacteria containing the vector and plant transformants that express any GOI.  

Many transformation methods using A. tumefaciens exist, including leaf tissue 

explant transformation and floral dip transformation (Akhond and Machray, 2009; Clough 

and Bent, 1998). The leaf disk transformation method was first described by Horsch et al. 

(1985) using A. tumefaciens to transform petunia and tomato. Since then, leaf disk 

transformation has been used to transform many species of plants, including tobacco (An et 

al., 1986) and strawberry (Nehra et al., 1989, Nehra et al., 1990).   

A technique that can be used to speed the generation of homozygous plants in tobacco 

(Nicotiana tabacum) is the production of doubled haploid plants. For this technique, maternal 

tobacco haploids are generated using the method of Burk et al. (1979) and then the haploid 

plants are transformed with the gene of interest.  After transformation, doubled haploids are 

spontaneously produced using the midvein tissue culture method of Kasperbauer and Collins 

(1972), which results in completely homozygous plants (assuming no mutations or 
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rearrangements occur), which are then also homozygous for the inserted gene.  The double-

haploid procedure in tobacco removes the usual need for generations of selfing and selection 

to obtain homozygous transformants.   

The floral dip transformation method is relatively new and was first described by 

Clough and Bent (1998) on the model plant Arabidopsis thaliana.  In this method newly-

opened flowers are dipped in Agrobacterium tumefaciens which infects the flowers and 

transforms the ovules.  After pollination the resulting seeds from successful transformations 

are heterozygous transformants. It has since been employed to transform other plants in the 

Brassicaceae family, including pakchoi (Qing et al., 2000), radish (Curtis and Nam, 2001), 

rapeseed (Wang et al., 2003), salt cress (Inan et al., 2004), and Indian mustard (Chhikara et 

al., 2012).   

A promoter that can activate transcription in plants is also required to express a 

transgene in planta. Perhaps the most commonly used promoter for transgenic expression in 

plants is the CaMV 35S promoter, originally isolated from the Cauliflower Mosaic Virus 

(CaMV) by Odell et al. in 1985. The CaMV 35S promoter is highly constitutively expressed 

in virtually all plant species (Benfey and Chua, 1990; Weising et al., 1988). Another 

promoter used for high expression in plants is the soybean (Glycine max) polyubiquitin 

promoter (Gmubi).  This constitutive promoter was first isolated by Chiera et al. (2007) from 

Glycine max (L.) Merr. and had an expression level more than five times greater than the 35S 

promoter when expressed in lima bean (Phaseolus lunatus L.) (Chiera et al., 2007). The 

Gmubi promoter also showed high constitutive expression in transgenic soybean (Hernandez-
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Garcia et al., 2009), indicating it is a useful promoter for transgenes that need high levels of 

expression for proper function. 

Targeted expression of transgenes can also be achieved through the use of inducible 

promoters that are only activated under certain conditions, or through the use of tissue-

specific promoters that are only active in specific cell types (Potenza et al., 2004; Zuo and 

Chua, 2000).  Chemically-inducible promoters are activated in the presence or absence of the 

chemical inducer.  Examples of chemically-inducible promoters include the GVG 

transcription factor, which is activated by dexamethasone (dex) (Aoyama and Chua, 1997) 

and the AlcR transcription factor which is induced by alcohol (Caddick et al., 1998). Gene 

expression can also be repressed by chemicals, for example the TetR repressor is de-

repressed by tetracycline (Gatz et al., 1992; Gatz and Quail, 1988).  Many promoters are 

active in certain tissue types (Potenza et al., 2004), and examples include floral-specific 

promoters such as bean CHS15 (Faktor et al., 1996), green tissue-specific promoters such as 

Arabidopsis thaliana CAB2 (Carre and Kay, 1995), and root-specific promoters such as 

Agrobacterium rhizogenes rolD (Leach and Aoyagi, 1991). Some plant promoters are 

induced in nematode feeding cells, making them useful for bioengineering plants to provide 

nematode resistance. Examples of feeding site induced promoters include TobRB7 

(Opperman et al., 1994) and the Nicotiana tabacum cel7 (Ntcel7) promoter (Wang et al., 

2007).  The Ntcel7 gene was found to be strongly-expressed in both root-knot and cyst 

nematode feeding sites (Goellner et al., 2001), whereas the TobRB7 promoter was active in 

root-knot but not cyst nematode feeding cells (Opperman et al., 1994).  Wang et al. (2007) 

also demonstrated that the Ntcel7 promoter was induced by nematode infection in several 
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distinct plant species and by auxin, which is known to accumulate in nematode feeding sites 

(Gheysen and Mitchum, 2011).  While the Ntcel7 promoter is also expressed in shoot and 

root meristematic tissue and weakly expressed in the vasculature, it is still most highly 

expressed in giant-cells and syncytia induced by cyst nematode, making it a useful promoter 

for genetically engineering resistance to nematodes (Wang et al., 2007). Careful selection of 

the GOI driven by the Ntcel7 promoter can minimize potential off-target effects on the plant 

host. 

While no plants genetically engineered for nematode resistance have been 

commercialized and approved to date by the FDA, EPA or USDA, there are examples of 

transgenic plants designed to combat disease currently available in the market (Frizzi et al., 

2010).  Perhaps the best example is the transgenic Rainbow and SunUp papaya which was 

genetically engineered to be resistant to the papaya ringspot virus, PRSV (Fitch et al., 1992).  

These two cultivars of papaya are a huge success story as they saved Hawaii’s papaya 

industry and after 20 years in use have resulted in no safety or ecological issues (Fuchs et al., 

2007).  The basis for the resistance of these papaya cultivars is expression of the gene 

encoding the coat protein from PRSV (Fitch et al., 1992). 

   

RNA Interference (RNAi) 

The discovery that expression of a viral coat protein in a transgenic plant resulted in 

resistance to the virus was originally discovered by Abel et al. in 1986, who expressed the 

tobacco mosaic virus (TMV) coat protein in tobacco.  This resistance was termed coat 

protein–mediated resistance (Lindbo and Dougherty, 2005), and was not linked to RNA 
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degradation until 1993 (Lindbo et al., 1993). Around the same time Napoli et al. (1990) and 

van der Krol et al. (1990) discovered that overexpressing a plant gene in the plant resulted in 

silencing of that gene, and called it co-suppression. English et al. (1996) discovered that co-

suppression of non-viral transgenes derived from a potato virus X vector was also linked to 

RNA degradation that resulted from infection with potato virus X containing sequences 

homologous to the non-viral transgenes.  However the mechanism behind RNA interference 

was not discovered until 1998, when Fire et al. discovered RNAi in the free-living nematode 

Caenorhabditis elegans.  

Since the discovery of the mechanism of RNA-induced gene silencing, or RNA 

interference (RNAi) (Fire et al., 1998), our understanding of endogenous mechanisms of 

RNAi in eukaryotes has greatly improved (Feng and Guang, 2013; Shabalina and Koonin, 

2008).  The mechanism of RNAi is perhaps best understood in Caenorhabditis elegans, in 

which RNAi was first identified (Fire et al., 1998).  The pathway for endogenous RNAi in C. 

elegans begins with double stranded-RNA (dsRNA) which is assembled into the dicer 

complex with the dicer protein DCR-1, the dicer-related helicases DRH-1 and DRH-2 (DRH-

3 in the endogenous RNAi pathway), and the Argonaute proteins RDE-1 and RDE-4 (Tabara 

et al., 1999, 2002, Duchaine et al., 2006) (Figure 3).  It is then cleaved into ~22 nt small 

interfering RNAs (siRNAs) by DCR-1, which again associate with the RDE-1 protein 

(R09A1.1 in the endogenous pathway), and are integrated into the RISC complex (Yigit et 

al., 2006). The Argonaute proteins contain two domains, Piwi and PAZ, which interact with 

the 5’ and 3’ overhangs of the siRNA and leave the internal nucleotides of the siRNA free to 

bind the target mRNA (Ma et al., 2005; Parker et al., 2005). The double stranded siRNA is 
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unwound and associates with the target mRNA of complementary nucleotide sequence, 

which is then cleaved by the Argonaute protein.  This cleavage leads to the degradation of 

the target mRNA by exonuclease inside P-bodies in the cytoplasm (Meister and Tuschl, 

2004; Sheth and Parker, 2003), and thus no translation of that mRNA into a protein, resulting 

in post-transcriptional gene silencing (PTGS). 

In nematodes, plants, and fungi, the RNAi pathway also includes an amplification 

pathway, in which RNA-Dependent RNA polymerases, EGO-1 in germ-line cells or RRF-1 

in somatic cells of C. elegans, use the siRNAs bound to the target mRNA as a primer to 

create more dsRNA (Sijen et al., 2001; Smardon et al., 2000). This dsRNA is then recognized 

by DCR-1 with the help of the PIR-1 protein (Duchaine et al., 2006), and is cleaved into 

secondary siRNAs.  The secondary siRNAs associate with the secondary Argonautes 

(SAGO-1, SAGO-2 or PPW-1), again forming the RISC complex and adding to the RNAi-

mediated degradation of the target mRNA (Yigit et al., 2006).   

The RNAi pathway in plants is similar to the pathway in C. elegans, but different 

proteins are involved (Jamalkandi and Masoudi-Nejad, 2009; Fagard, 2000). HEN1 

methylates the 3’ terminus of the dsRNA in the nucleus (Li et al., 2005), which then 

associates with DICER-LIKE 4 (DCL4) (Jamalkandi and Masoudi-Nejad, 2009) (Figure 4). 

DCL4 cuts the dsRNA into 21nt fragments (Dunoyer et al., 2005), which are then exported 

from the nucleus. In Arabidopsis the plant exportin 5 Homolog HASTY protein (HST) is 

involved in miRNA export from the nuclease (Park et al., 2005) but what transports siRNA is 

unknown (Jamalkandi and Masoudi-Nejad, 2009). Once in the cytoplasm the siRNA are 

recruited by ARGONAUTE-1 (AGO1), which is the Slicer in the Arabidopsis RISC complex 
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(Baumberger and Baulcombe, 2005; Fagard, 2000), and the target mRNA is cleaved and 

degraded (Jamalkandi and Masoudi-Nejad, 2009).  

The microRNA (miRNA) pathway is similar to the siRNA pathway. In the miRNA 

pathway, pri-miRNAs are transcribed by RNA polymerase II and are then capped and 

polyadenylated (Bracht et al., 2004). Next they are processed into ~70 nt pre-miRNAs by the 

Microprocessor complex, composed of the dsRNA binding protein PASH-1 and the RNase 

III enzyme Drosha (Denli et al., 2004, Lee et al., 2003).  The pre-miRNA is then exported 

into the cytoplasm, possibly by IMB-4, a homolog of exportin 5 which is the export protein 

in mammalian cells (Yi et al., 2003, Lund et al., 2004, Parry et al., 2007). Next the pre-

miRNA is cleaved into mi-RNA and miRNA by DCR1 and the Argonaute proteins ALG-1 

and ALG-2 (Duchaine et al., 2006).  The miRNAs can next associate with the miRISC 

complex and the target mRNA, similar to what occurs in the siRNA pathway, and the target 

mRNA is cleaved and degraded (Chan et al., 2008; Gu et al., 2007). Unlike siRNAs, 

miRNAs can also inhibit translation simply by binding to target mRNA and blocking protein 

synthesis without degrading the mRNA (Wightman et al., 1993).  

Exogenous dsRNA can also be used to produce RNAi in C. elegans. The pathway for 

exogenous RNAi begins with the introduction of foreign dsRNA into the nematode, which 

can be done in several ways, including injection, soaking in dsRNA solution, or feeding of 

bacteria expressing dsRNA (Fire et al., 1998, Tabara et al., 1998, Timmons et al., 2001).  The 

next step is the uptake of the naked dsRNA into the cells of the nematode, for which the SID-

1 protein is required (Winston et al., 2002). Once inside the cell, the RNAi pathway proceeds 

as in the endogenous pathway, with the incorporation of the exogenous dsRNA into the dicer 
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complex. In C. elegans, RNAi induced by exogenous dsRNA can also spread systemically 

throughout the nematode. In order for this systemic spread to occur the sid-1 gene (Winston 

et al., 2002) and 4 other genes are required, rsd-2, rsd-3, rsd-4, and rsd-6 (Tijsterman et al., 

2004).  The rsd-2, rsd-3, and rsd-6 genes are required for systemic RNAi in the germline 

cells, while rsd-4 and sid-1 are required for systemic RNAi in somatic tissues of C. elegans. 

The ability to relatively easily silence a specific target gene using exogenous RNAi 

provides great utility from potential therapeutic uses in humans to functional genomics 

applications.  RNAi is now fairly commonly used for functional genomics in nematodes 

where transformation can be difficult, if it is even achievable, so generally stable gene 

knockouts are not created.  Instead researchers look at a gene's function by silencing the 

transcript using dsRNA targeted to the gene of interest, then observing the resulting 

phenotype.  In C. elegans, whole genome wide functional analysis has been performed 

(Kamath et al., 2003), and this technology is being used more frequently.  Another example 

of genome-wide RNAi functional screening is Zhou et al.'s study in 2008 on the host factors 

required for HIV infection, in which HeLa P4/R5 cells expressing siRNAs targeted to each 

gene in the genome were infected with HIV the effect on the disease was observed.  In this 

study they were able to identify 311 host factors involved in HIV infection, 267 of which had 

not been previously known to be involved.    

RNAi can also be used for functional analysis in plants (Small, 2007; McGinnis et 

al.,2005).  It has become widely used for reverse genetics (Fitzgerald et al., 2012), and has 

been successfully used on many different plants, including cereal species, cotton, potato, 

sugarcane, and tobacco.  One example of the utility of RNAi was the down regulation of 
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putative water-stress response genes resulting in an increase in water-stress susceptibility in 

tobacco, demonstrating that the genes were important for drought tolerance (Senthil-Kumar 

et al., 2010). Another example is the down-regulation of pyrophosphate: fructose 6-

phosphate 1-phosphotransferase (PFP) expression in sugarcane resulting in greater sucrose 

accumulation (van der Merwe et al., 2010; Groenewald and Botha, 2008).  

When designing the RNAi construct to be inserted into the plant, the general design is 

to have a promoter, followed by sense sequence of the target gene, then an intron spacer, then 

the antisense of the target gene, ending in a terminator (Wesley et al., 2001). Complementary 

base pairing of the resulting transcribed sense and antisense mRNA sequences separated by a 

single-strand intron sequence provides a hairpin RNA shape prior to the subsequent splicing 

of the intron to produce the mature dsRNA (Figure 4). Smith et al. (2000) showed that 

hairpin constructs with a functional intron were more effective at yielding strong RNAi in 

transgenic tobacco than constructs with spacers or non-functional introns. One vector 

commonly used for RNAi in plants is the pHANNIBAL vector (Wesley et al., 2001) which is 

driven by the constitutive CaMV 35S promoter and is designed to produce a hairpin RNAi 

construct using an Arabidopsis PDK gene intron as a hairpin spacer.   

RNAi has already been used to generate novel traits in plants, and several have 

already been released commercially.  The first commercial release of a crop utilizing RNAi 

was the Flavr Savr™ tomato (produced by Calgene), which was deregulated in 1992 (Frizzi 

et al., 2010).  During tomato ripening, polygalacturonase degrades the cell wall, and silencing 

this gene leads to delayed ripening of tomatoes, increasing their shelf-life.  When the Flavr 

Savr™ tomato was released, the mechanism of RNAi had not been discovered yet. The Flavr 
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Savr™ tomato was designed to post-transcriptionally silence the PG (polygalacturonase) 

gene by producing an antisense RNA to the PG gene mRNA.  A recent study by Krieger et 

al. (2008) showed that siRNAs against the PG gene are produced in the Flavr Savr™ 

tomatoes, most likely resulting from the antisense RNA produced by the transgene pairing 

with the sense mRNA from the target gene, resulting in dsRNA that can induce the RNAi 

pathway.   

Another example of a use for siRNAs includes their use in crops in combating plant 

diseases.  One example of a plant expressing siRNAs targeted against a plant disease that has 

already been released is the plum line ARS-PLMC5-6 (C5 'HoneySweet' plum) which was 

produced by the USDA and deregulated in 2007 (Frizzi et al., 2007; Ravelonandro et al., 

1997; Scorza et al., 1994).  This plum was designed to express the Plum pox virus (PPV) coat 

protein, but in the process of transcription of the coat protein gene dsRNA matching the coat 

protein mRNA are produced and the RNAi pathway is initiated, leading to the production 

and accumulation of 22nt and 25-26nt siRNAs in the transgenic plum's cytoplasm (Hily et 

al., 2005).  This siRNA accumulation leads to resistance to PPV (Ravelonandro et al., 1997, 

Hily et al., 2005), and when plants in the field were examined no coat protein was found in 

the transgenic plans due to the high level of silencing (Hily et al., 2004).  This resistance was 

found to be stable, and was shown by Malinowski et al. (2006) to last more than 7 years.  An 

environmental safety test on the C5 transgenic plums was undertaken by Fuchs et al. (2007) 

and the transgenic plums did not change the diversity or population dynamics of PPV or 

cause the creation of recombinant lines of PPV over the 8-10 year length of the study.   
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RNAi  can also be used to engineer resistance to plant parasitic nematodes in host 

crop species.  Plant parasitic nematodes are thought to have very similar RNAi pathways to 

C. elegans, and homologs of some of the key proteins necessary for RNAi in C. elegans 

(Figure 3) have already been identified in the root-knot nematode, Meloidogyne incognita 

(Rosso et al., 2009). Studies on RNAi soaking of plant parasitic nematodes, including 

Meloidogyne incognita, (Urwin et al., 2002; Rosso et al., 2009; Huang et al., 2006b) 

demonstrate specific silencing of target genes providing evidence that dsRNA ingestion by 

nematodes is can lead to silencing throughout the nematode as in C. elegans. These studies 

also show the potential of using RNAi to alter host-parasite interactions.  Plant host-derived 

resistance to nematodes using RNAi is predicted to work through ingestion of the processed 

dsRNA (siRNA) by the nematode during feeding (Figures 3 & 4).  The ingested siRNAs are 

then thought to be transported to target cells in the nematode via the the gut of the nematode 

using homologs of the sid-1 gene since host-derived RNAi has already been shown to 

effectively knockdown nematode gene expression in several experiments (Steeves et al., 

2006; Yadav et al., 2006; Huang et al., 2006b; Fairbairn et al., 2007; Patel et al., 2008, 2010; 

Sindhu et al., 2009; Li et al., 2010). An experiment by Yadav et al. (2006) used the 

expression of hpRNA (hairpin RNA) targeted to two genes in M. incognita in transgenic 

tobacco plants to reduce nematode reproduction. The two target genes, a splicing factor and 

an integrase, have orthologs shown to have lethal RNAi phenotypes in C. elegans, and when 

a nematode infection assay was performed on the RNAi transgenic tobacco, the transgenic 

plants were shown to be highly resistant to M. incognita as compared to the control plants. 

Similar plant host-derived RNAi work has been done with cyst nematodes (Hamamouch et 
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al., 2012; Patel et al., 2010; Steeves et al., 2006; Sindhu et al., 2008). Steeves et al. (2006) 

showed that transgenic soybeans expressing RNAi complementary to a major sperm protein 

(MSP) gene from Heterodera glycines developed fewer cysts and eggs than control plants.  

RNAi is also of particular utility in the functional analysis of plant parasitic nematode 

secreted effectors, since creating gene knockouts via stable transformation is not currently 

possible in plant parasitic nematodes (Rosso et al., 2009).  There are many examples of this 

use of RNAi including targeting a chitin synthase (Fanelli et al., 2005), neuropeptides 

(Kimber et al., 2007), and pectate lyase (Bakhetia et al., 2007).  Another example of the 

utility of RNAi for functional analysis was the silencing of the 16D10 gene described 

previously. To determine whether 16D10 was required for parasitism root-knot nematode J2s 

were induced to ingest 16D10 dsRNA in vitro via soaking in a 16D10 dsRNA solution with 

resorcinol (Huang et al., 2006b). The 16D10 transcript was shown to be strongly silenced by 

ingestion of the dsRNA, and after soaking the ability of the J2s to establish a feeding site was 

impaired as evidenced by 74–81% decrease in reproduction (Huang et al., 2006b).    

Huang et al. (2006b) also used a model host plant, Arabidopsis thaliana, to deliver 

host-derived 16D10 dsRNA to root-knot nematodes for ingestion from roots.  Arabidopsis 

plants were stably transformed with two different 16D10 dsRNA constructs using 

Agrobacterium tumefaciens and the floral dip method.  The 16D10RNAi constructs created 

in pHANNIBAL (Wesley et al., 2001) by Huang et al. (2006) were driven by the CaMV35S 

promoter and contained 42bp (16D10RNAi-1) or 271 bp (16D10RNAi-2) of 16D10 sense 

sequence, followed by the PDK intron, then the corresponding antisense 16D10 sequence 

followed by the OCS terminator (Figures 5 & 6).  The 271 bp RNAi-2 construct represented 
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the entire 16D10 coding sequence including signal peptide and the 42 bp RNAi-1 sequence 

match only coding sequence of the mature 16D10 peptide (Figure 6). These constructs were 

cloned into the pHANNIBAL vector (Wesley et al., 2001) which utilizes a kanamycin 

resistance gene as a selective marker.  Root-knot nematode infection assays of 

pHANNIBAL::16D10RNAi transformed Arabidopsis plants were shown to have 

significantly less galls (63-90% reduction) and eggs (69-93% reduction) than Arabidopsis 

transformed with an empty vector (Huang et al., 2006b).  Similar strong levels of resistance 

to the four major species of root-knot nematodes were observed in the 16D10RNAi 

Arabidopsis plants (Huang et al., 2006b). While the original purpose of Huang et al.’s 

research was to identify the function of the 16D10 effector, the discovery that 16D10RNAi-

expressing Arabidopsis was highly resistant multiple root-knot nematode species led to the 

conclusion that targeting the 16D10 gene with siRNA in a crop species might produce crops 

with broad resistance to root-knot nematodes. Using siRNA to target parasitism genes instead 

of housekeeping genes is of particular interest since many parasitism genes are novel, and 

therefore siRNAs targeting them are less likely to result in off-target silencing in hosts or 

biota in the environment.   

The hypothesis of this dissertation is that tobacco and strawberry plants transformed 

with the 16D10RNAi constructs designed by Huang et al. (2006b) will be resistant to 

multiple root-knot nematode species. Further, this dissertation investigates a second 

hypothesis that changing the promoter and intron used in the host-derived RNAi construct 

can improve expression levels of siRNA in transformed plants and result in an increase in 

nematode resistance compared to the original construct designed by Huang et al. (2006b). 
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Figure 1. Life cycle of the root-knot nematode.  The first stage juvenile undergoes the 1
st
 molt in the egg and 

hatches as a second-stage juvenile (J2). The J2 migrates to the rootlets and invades, then sets up a feeding site 

comprised of several giant-cells.  The nematode continues to molt inside the root. Adult male nematodes leave 

the root while females become pyriform and will lay eggs into an egg sac, which may protrude from the root 

surface or be imbedded in the root. (Reproduced from Agrios, 2005)  

 

 



 

43 

 

Figure 2. Esophageal gland cells of plant parasitic nematodes.  A. Esophageal glands of a pre-infective 

second-stage juvenile. Note the greater number of secretory granules in the subventral glands as compared to 

the dorsal gland. (Reproduced from Hussey, 1989) B. Esophageal glands of a late stage parasitic female 

nematode.   Note the enlarged dorsal gland and the reduction of secretory granules in the subventral glands 

(Reproduced from Hussey et al., 1994). 
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Figure 3. A model for the mechanism of exogenous RNA interference (RNAi) in a nematode cell.  

Orthologs of the genes corresponding to the proteins that are pink in color have been shown to be present in the 

genome of Meloidogyne incognita as well as in Caenorhabditis elegans, while those in purple have only been 

identified in C. elegans. The light blue circle highlights the amplification pathway and darker blue circles 

represent protein complexes.  Note that this model is not to scale. 
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Figure 4. Model for expression of host-derived RNA interference against Meloidogyne spp. and predicted 

siRNA ingestion by the nematode. The predicted mechanism by which the hairpin transgene is expressed and 

processed in order to produce the siRNA that are taken up by the nematode during feeding is shown. This model 

is not to scale. 
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Figure 5. Structure of the RNA produced by the 16D10-RNAi constructs.  A. The RNA that is transcribed 

from the 16D10RNAi construct folds so that the sense and antisense sequences base pair to form a hairpin 

structure.  The intron loop at the end of the hairpin should then be spliced off, result ing in the 16D10 dsRNA. B. 

Example of hairpin structure that would be formed from the 16D10-RNAi-I construct and the splicing event that 

would result in the 16D10-RNAi-I dsRNA. 
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Figure 6.  Design of the transgene used for RNAi against the 16D10 gene, as designed by Huang et al. 

(2006, PNAS).  A. The design for the 16D10-RNAi construct used for RNA interference against the 

Meloidogyne incognita 16D10 gene.  B. The 42bp sense and antisense sequences used in the 16D10-RNAi-1 

construct.  C. The 271bp sense and antisense sequences used in the 16D10-RNAi-2 construct. 
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TRANSFORMATION OF TOBACCO FOR siRNA DERIVED RESISTANCE TO 

ROOT-KNOT NEMATODE  

 

Abstract 

Members of the genus Meloidogyne, Root-knot nematodes (RKN), are sedentary 

plant-parasites that can infect more than 2,000 plant species and cause billions of dollars of 

damage in crop losses worldwide.  These nematodes secrete proteins produced in specialized 

esophageal gland cells into recipient host plant root cells, transforming them into 

multinucleate giant-cells that are essential for nematode feeding.  One of the secreted 

effectors is encoded by the 16D10 parasitism gene of Meloidogyne incognita.  Previous 

studies have shown that 16D10 is involved in giant-cell formation, and host-derived RNA 

interference (RNAi) against the 16D10 transcript in Arabidopsis thaliana resulted in 

resistance to the four major species of RKN (Huang et al., 2006b).  The research described 

here details the creation of transgenic tobacco expressing the 16D10RNAi constructs created 

by Huang et al. (2006).  Haploid plants of the Nicotiana tabacum cultivars TN90 (burley) 

and Hicks (flue-cured) were transformed with the 16D10-RNAi constructs and homozygous 

doubled haploids lines were produced. Successful transformants were selected using 

kanamycin resistance and were checked for the presence of the full construct by PCR of 

genomic DNA extracted from the transgenic tobacco, resulting in the production of 36 

transformed lines.  Expression of siRNA in the transgenic tobacco was confirmed by RT-

PCR of the PDK intron of 16D10RNAi constructs and high-throughput siRNA Ion Proton 

sequencing.  Several lines of the transgenic tobacco were found to be significantly more 
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resistant to root-knot nematodes than wild-type untransformed controls. A maximum of 62% 

reduction in Meloidogyne arenaria egg production and a maximum of 52% reduction in M. 

incognita egg production were observed in TN90 16D10RNAi tobacco roots, and a 

maximum of 73% reduction in egg production of M. arenaria was observed in roots of Hicks 

16D10RNAi tobacco plants. 

 

Introduction 

Root-knot nematodes are members of the genus Meloidogyne, and are probably the 

most economically important nematodes in agriculture, with estimates of worldwide crop 

losses at 10 billion dollars per year (Chitwood, 2003).  These microscopic roundworms 

generally have wide host ranges, and can parasitize more than 2,000 plant species, including 

tobacco (Sasser, 1980).  A survey of US crop losses due to plant parasitic nematodes in 1994 

(Koenning et al., 1999) reported that North Carolina tobacco growers lost around a million 

dollars in 1994 due to root-knot nematode infections.  Of the more than 70 described species 

of Meloidogyne, the four most economically important species are M. incognita (Southern 

root-knot nematode), M. javanica (Javanese root-knot nematode), M. arenaria (peanut root-

knot nematode), and M. hapla (Northern root-knot nematode) (Sasser et al., 1983).  Root-

knot nematodes are sedentary endoparasites that penetrate plant roots as motile second-stage 

juveniles and then move intercellularly to the vascular bundles to establish a feeding site.  

These feeding sites are comprised of several giant-cells, which are multinucleate 

hypertrophic plant cells that have been modified by the nematode and arise from 

karyokinesis without cytokinesis (Huang, 1985; Hussey, 1985).  Hyperplasia of the cells 
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surrounding the giant-cells also occurs and galls are formed.  These infection sites are 

nutrient sinks that can cause stunting and reduced yields in the host plant.  They also disrupt 

translocation and can predispose the roots to secondary infections by other pathogens (Mayol 

and Bergeson, 1970).  Once the feeding site is established, the immature nematode will feed, 

become pyriform, and most of its somatic muscles will atrophy as it becomes sedentary 

through subsequent juvenile stages to reproductive maturity (Davis et al., 2000). The life 

cycle is about one month, and adult females usually lay 500 to 1000 eggs. Root-knot 

nematodes feed from giant-cells by penetrating the cell wall with their stylet, a hollow oral 

spear.  They then secrete effector proteins from their esophageal gland cells into the plant cell 

through the stylet (Bird and Saurer, 1967; Bird, 1968; Sundermann and Hussey, 1988). The 

secreted proteins are thought to be involved in giant cell formation (Hussey, 1989; Davis et 

al., 2004). Since the giant-cells become a permanent feeding site for the sedentary nematode 

life stages, proper formation and maintenance of the feeding site via the secreted nematode 

effector proteins is critical to a successful parasitic interaction and subsequent nematode 

reproduction. 

In order to identify effector proteins in the root-knot nematode secretome, Huang et 

al. (2003) microaspirated the gland cells of 10 different stages of root-knot nematode and 

created gland cell cDNA libraries.  After EST sequence analysis, 37 putative parasitism 

genes were identified. One of these genes, 16D10, was localized to the subventral glands 

cells using immunolocalization and was expressed in both second-stage juveniles and later 

life stages.  This gene encoded a small novel mature peptide only 13aa in length, less than 

half the size of its secretion signal peptide (30 aa), and was of particular interest since the 
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subventral glands are usually less active in parasitic stages within the host.  Protein dot blots 

and ELISA of stylet secretions showed that the 16D10 protein was secreted from the stylet 

(Huang et al., 2006a).  16D10 was shown to be conserved in all four major species of root-

knot nematode, but absent from 2 other nematode species, Heterodera glycines and 

Caenorhabditis elegans, using a Southern blot. It was also not found in the plants Nicotiana 

tabacum or Arabidopsis thaliana (Huang et al., 2006a).  The 16D10 sequence was also 

confirmed to be unique to RKN through BLAST searches of available gene databases. When 

the 16D10 gene was overexpressed in Arabidopsis, the transgenic plants had significantly 

increased root lengths due to increased root cell division (Huang et al., 2006a).   A yeast-two-

hybrid assay (Huang et al., 2006a) showed that 16D10 specifically interacted with the SAW 

domain of plant SCARECROW-like transcription factors (Di Laurenzio et al., 1996), leading 

to the conclusion that the secreted 16D10 effector may modulate the activity of 

SCARECROW-like transcription factors during root cell differentiation to promote feeding 

cells.  

 To test the importance of 16D10 in giant-cell formation, Huang et al. (2006b) used 

RNA interference (RNAi) to silence 16D10 gene expression.  In initial assays (Huang et al., 

2006b), root-knot nematode second-stage juveniles were induced to ingest 16D10 double-

stranded RNA (dsRNA) from a soaking solution in vitro, resulting in strong inhibition of the 

16D10 transcript.  Next Huang et al. (2006b) fed the root-knot nematodes the 16D10 dsRNA 

using Arabidopsis thaliana, a host plant, to deliver the dsRNA.  Floral dip with 

Agrobacterium tumefaciens (Clough and Bent, 1998) was used to stably transform 

Arabidopsis plants with two different 16D10 dsRNA constructs.  These RNAi constructs 
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were driven by the CaMV35S promoter and contained either 42bp (RNAi-1) or 271 bp 

(RNAi-2) of 16D10 sense sequence, followed by the PDK intron, then the corresponding 

antisense 16D10 sequence, and were cloned into the pHANNIBAL vector (Wesley e al., 

2001) with a kanamycin resistance gene as a selective marker (Huang et al., 2006b).  

Constitutive expression of 16D10 dsRNA in roots, shoots, and leaves of each transformed 

Arabidopsis line and processing to corresponding small-interfering RNA (siRNA) were 

confirmed by Southern blot analyses (Huang et al., 2006b). Root-knot nematode infection 

assays of the pHANNIBAL:: 16D10RNAi transformed Arabidopsis plants demonstrated 

significantly fewer galls (63-90% reduction) and eggs (69-93% reduction) than Arabidopsis 

plants transformed with an empty vector control (Huang et al., 2006b). Huang et al. (2006b) 

also reported that similar dramatic reductions in successful root infection rates of 16D10-

RNAi Arabidopsis were achieved with all four major species of RKN. 

As stated previously, root-knot nematodes are capable of parasitizing many crop 

species, including tobacco. Restrictions in fumigant and non-fumigant nematicide use and a 

limited number of natural sources of resistance to root-knot nematodes, have prompted the 

need for alternative means to manage root-knot nematode infection.  There is currently 

resistance to M. incognita races 1 and 3 available in flue-cured and burley tobacco via the Rk 

gene, which functions by  eliciting a hypersensitive response (Yi et al., 2008).  

Unfortunately, resistance to M. incognita races 2 and 4, as well as any of the other major 

species of root knot nematode, is not available in tobacco and while resistant burley 

germplasm containing the Rk gene exists, it has not been incorporated into any burley 

tobacco currently used (Yi et al., 2008). One alternative is the delivery by host plants of 
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RNAi targeted to nematode genes in order to create resistance in the host. The purpose of the 

research presented here was to investigate whether the 16D10RNAi constructs created by 

Huang et al. (2006b) could be used to generate broad-spectrum resistance to root-knot 

nematodes in cultivated tobacco plants. 

 

Materials and Methods 

RNAi Vectors and Tobacco Transformation 

Vectors were obtained from Dr. Richard Hussey at the University of Georgia that 

contained the pHANNIBAL:16D10RNAi-1 and  pHANNIBAL:16D10RNAi-2 constructs 

used by Huang et al. (2006b), both in the pART27 binary vector (Gleave, 1992).  Both RNAi 

constructs were driven by the constitutive CaMV 35S promoter and both contained the PDK 

intron (Wesley et al., 2001) as the RNAi hairpin loop (Figure 7A).  The 16D10RNAi-1 

construct contained a 42 bp sense and antisense segment corresponding to the mature 16D10 

peptide coding region (Figure 7B) while the 16D10RNAi-2 construct contained a 271 bp 

sense and antisense segment that included the 16D10 peptide and the signal peptide coding 

regions (Figure 7C). 

Each vector was transformed into ElectroMAX
TM

 Agrobacterium tumefaciens 

LBA4404 (Invitrogen) using electroporation (2.0kV, 200Ω, 25µF). Tissue of haploid TN90 

(burley) and Hicks (flue-cured) tobacco (Nicotiana tabacum) tissue was obtained from Dr. 

Ramsey Lewis, NCSU Department of Crop Science.  Neither of these tobacco cultivars 

contained the Rk gene (Yi et al., 1998). The haploids were produced using the method of 

Burk et al. (1979).  The haploid tobacco was then transformed using the leaf tissue explant 
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method (Horsch et al., 1985; An et al., 1986). Transformants were selected based on their 

resistance to kanamycin conferred by the nptII gene in the pHANNIBAL vector constructs.  

To create wild-type negative controls, TN90 and Hicks were put through the transformation 

protocol without the addition of agrobacteria. These untransformed controls were termed 

“wild-type” and were otherwise treated exactly as the transformed lines. 

 

Production of Doubled Haploid Lines 

Doubled haploids were produced using the midvein tissue culture method of 

Kasperbauer and Collins (1972).  Doubled haploids were then selected based on phenotypic 

differences: doubled haploid plants have darker, more pubescent leaves and produce seed 

pods after self-pollination. After self-pollination, seeds were collected from each doubled 

haploid plant. 

 

PCR of Tobacco Genomic DNA and RT-PCR of the PDK Intron 

PCR analysis was used to confirm the insertion of the 16D10RNAi constructs by 

amplifying the 35S promoter and sense region of the construct (Begin35S-F: 5’-

AGCTCTCCCATATCGACCTGCA -3’, BeginPDK-R: 5’-

CTTCTTCGTCTTACACATCACTTGTC-3’), as well as the intron, the antisense region and 

the OCS terminator (EndPDK-F: 5’-ACAGTTGGGAAATTGGGTTCGA-3’, midOCS-R:5’-

TTA TTA GTT CGC CGC TCG GTG TGT-3’) from genomic DNA isolated from the 

doubled haploid tobacco lines (Figure 8A).  The copy number of the transgene insertion was 

not determined for any of the lines produced. 
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Since the 16D10 sense and antisense segments of the RNAi constructs should base 

pair and form dsRNA, those segments should not be available for the production of cDNA 

and subsequent PCR (Figure 8B).  For this reason the best way to check for the expression of 

the construct using RT-PCR was to amplify the PDK intron in pHANNIBAL (Wesley et al., 

2001), which is spliced out of the RNA during the process of dsRNA production in the 

nucleus and remains single-stranded (Figure 8B).  For reverse-transcription PCR (RT-PCR) 

RNA was extracted from 100mg of root tissue from one plant from each tobacco line using 

the Qiagen RNAeasy Plant kit and cDNA was created using Super Script® II Reverse 

Transcriptase (Invitrogen) and the PDK For Primer (5’- 

GACAAGTGATGTGTAAGACGAAGAAG -3’).  The PDK intron (Figure 8B) was then 

PCR-amplified from the cDNA using the PDK For and PDK Rev (5’- 

TCGAACCCAATTTCCCAACTGT-3’) primers to confirm expression of the 16D10-RNAi 

construct in each tobacco line (Figure 8B). As a negative control, RNA from all lines was 

advanced through the same protocol without the reverse transcriptase to account for potential 

DNA template contamination of the 16D10-RNAi construct in samples.   

 

Nematode Culture 

Cultures of Meloidogyne incognita race 4, Meloidogyne arenaria race 2, Meloidogyne 

javanica, and Meloidogyne hapla were grown on roots of tomato (Solanum lycopersicon cv. 

Rutgers) plants under normal greenhouse conditions.  Eggs of each root-knot nematode 

species used for infection assays were extracted from roots using 0.05% sodium hypochlorite 
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as previously described by Hussey and Barker (1973) and were immediately used for 

inoculation. 

 

M. arenaria Infection Assays 

Seeds of doubled haploid tobacco plants were germinated and grown in soil in a 16hr 

day-length lighted growth room at 25°C for 8 weeks.  The plants were then transferred to 

coarse sand with approximately 10 grams of Osmocote® (Scotts) fertilizer in 6-inch clay pots 

and grown for an additional 2 weeks in a greenhouse.   Tests were performed at various times 

throughout the year so greenhouse conditions such as day length and temperature varied, 

although the temperature was maintained at a temperature of at least 70°C. The 10 most 

uniform plants from each of 4 lines, as well as 10 control plants (for a total of 50 plants per 

assay), were selected and were randomized in a completely random design prior to 

inoculation.  Plants were then inoculated with 10,000 M. arenaria eggs diluted in 1-2 ml of 

water injected into the sand at the base of each plant.  Meloidogyne arenaria was chosen for 

assays because no resistance to this RKN species exists in cultivated tobacco. Plants were 

grown in the greenhouse for 2 months with flood watering daily by soaking in one inch of 

water for 15 minutes using a flood bench in order to reduce nematode loss previously seen 

from watering.  After the completion of the assay, the total fresh weight of the roots was 

measured and a 0.5 gram sample of root tissue from each plant was immediately frozen in 

liquid nitrogen for subsequent RNA extraction.  Eggs were extracted from the rest of the root 

system following the egg extraction protocol using 0.05% sodium hypochlorite (Hussey and 

Barker, 1973).  Egg counts for the total root system were obtained by counting three dilutions 
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from each total egg extraction and averaging the results.  Eggs per gram of root means were 

obtained based on the fresh weight and the total root system egg counts.  Statistical 

differences were determined using an unpaired t-test with an alpha level of 0.05 with 

Microsoft Excel, comparing each line to the untransformed control plants.  

The M. arenaria infection assay was repeated once, exactly as above, except that 0.5g 

of root tissue was collected from the first two wild-type plants (used as negative controls) 

and the first four transgenic plants of each line one week prior to the start of the assay. As 

before, the assay was completed after 8 weeks and root weight and egg counts were taken. 

The root tissue collected both before and after nematode infection was immediately frozen in 

liquid nitrogen for subsequent RNA extraction to analyze (below) the 16D10 siRNA levels 

generated in the transgenic tobacco plants. 

 

Infection Assays with Other Meloidogyne Species 

As before, seeds of doubled haploid tobacco plants were germinated and grown in 

soil in a lighted growth room at 25°C for approximately 8 weeks, then transferred to sand 

with 10 grams of Osmocote® (Scotts) fertilizer in 6 inch pots and grown for an additional 2 

weeks.  The 20 most uniform plants from the TN90 I-8 tobacco line, as well as 20 control 

plants of untransformed TN90 (for a total of 40 plants per assay), were selected and were 

inoculated with 10,000 Meloidogyne eggs.  Three nematode infection test replicates were 

repeated for each of three of the major species of root-knot nematode (M. arenaria, M. 

incognita, and M. javanica).  Plants were grown as before in the greenhouse with flood 

watering for 2 months. After the completion of the assay the wet weight of the roots was 
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measured and eggs were extracted from the rest of the root system (Hussey and Barker, 

1973).  Egg counts were obtained as described previously.  Statistical differences between 

lines within a test replicate were determined using an unpaired t-test with an alpha level of 

0.05 with Microsoft Excel, comparing TN90 I-8 to the wildtype control plants. Additional 

statistics to determine whether there was a test replicate effect and to determine if there was a 

line effect (TN90 I-8 versus wildtype) across all 3 test replicates were performed using a two 

factor (line and test) anova. 

 

siRNA Expression Analysis 

Sequencing of 16D10 small interfering RNA (siRNA) expression in each line was 

conducted as previously described (Hamamouch et al., 2012) to correlate its expression with 

the level of RKN infection observed in each tobacco line. For siRNA sequencing, RNA was 

extracted from root tissue from four plants from each line of the repeat of the TN90 16D10-I 

line test (see M. arenaria Infection Assays above) using the Qiagen RNAeasy Plant kit on the 

day of collection for the pre-infection samples (one week prior to infection).   

Total RNA was submitted to the NCSU Genome Sequencing Lab (GSL) for Ion 

Proton Sequencing (LifeTechnologies) which has been shown to be effective for RNA 

sequencing (Toung et al., 2011).  Total RNA libraries were created using the Ion Total RNA-

Seq Kit (LifeTechnologies). Bioinformatics and statistical analyses of the raw siRNA data 

were provided by Elizabeth Scholl in the Bioinformatics Research Center at North Carolina 

State University.  Sequences obtained from each RNA sample were trimmed for potential 

adapter contamination and filtered for reads smaller than 15 bases, and then a small RNA 
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(smRNA) sample was created by counting the occurrences of tags extracted from the reads.  

These smRNA were then compared to a subset of miRBase as well as the two sequences 

from the 16D10RNAi construct (sense and anti-sense). Annotation was run asking for strand-

specific information to differentiate the sense-strand 16D10 from the anti-sense 16D10 

construct. The constructs sequence was given a higher priority in the search than the smRNA 

from miRBase. The miRBase data used for the searches came from the following organisms: 

Arabidopsis, Medicago, Nicotiana, Solanum, Ascaris, Brugia and Caenorhabditis.  These 

were included as a control to confirm detection of known smRNA. Any smRNA that was 

close to identical in more than one species was annotated for each of those species. For 

statistical analysis, differential expression of smRNA between replicates for each of the five 

samples and  differential expression of smRNA between samples was performed.  All were 

analyzed using pairwise comparisons and for each experimental set, calculated expression 

values from the annotations were normalized using a quantile approach (Bolstad et al., 2003). 

The full analysis was also run with scaling normalization, with little change to the results. 

Normalized counts were then used for Baggerly’s Test (beta-binomial), which compares the 

proportions of the counts between the samples in a pairwise manner (Baggerly et al., 2003). 

For the comparison between replicates within a line, p-values were corrected using a 

Bonferroni correction method for multiple tests (Dunn, 1961). For comparison between 

TN90 lines, p-values were also Bonferroni corrected as well as FDR corrected (Benjamini, 

2010). 
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Results 

Tobacco Transformation and Tobacco Doubled Haploid Production 

From the initial screening for kanamycin resistance, 35 haploid lines of TN90 

transformed with the 16D10-I construct, 35 haploid lines of TN90 transformed with the 

16D10-II construct, 31 haploid lines of Hicks transformed with the 16D10-I construct, and 

27 haploid lines of Hicks transformed with the 16D10-II construct were obtained.  Tobacco 

lines that showed mutant phenotypes, most likely due to positional effects of tDNA insertion, 

were discarded.  From the remaining lines, doubled haploids were produced and seeds were 

collected from 14 lines of TN90 transformed with the 16D10-I construct, 8 lines of TN90 

transformed with the 16D10-II construct, 12 lines of Hicks transformed with the 16D10-I 

construct, and 9 lines of Hicks transformed with the 16D10-II construct.  The reduction in 

lines was mostly due to an inability to produce double haploids from some of the lines due to 

death of the plants prior to successful double haploid production.  

 

PCR of Tobacco Genomic DNA and RT-PCR of the PDK Intron 

Genomic DNA was extracted from all of the doubled haploid lines and was analyzed 

by PCR (Figure 8A) for the presence of the full 16D10RNAi insertion.  Of the 14 TN90 

16D10-I lines from which doubled haploids were obtained, 13 lines were shown to contain 

the full construct via genomic PCR (Figures 9A & 9C). Of the 8 TN90 16D10-II lines from 

which doubled haploids were obtained, 7 lines were shown to contain the full construct via 

genomic PCR (Figure 9B & 9D). In Figure 9B the bands are faint for lines II-12, II-13, and 

II-14, and no band is present for TN90 II-4, but a later PCR confirmed the presence of the 
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first half of the construct. Of the 12 lines of Hicks 16D10-I from which doubled haploids 

were obtained, 10 lines were shown to contain the full construct via genomic PCR (Figure 

10A & 10C) and of the 9 lines of Hicks 16D10-II from which doubled haploids were 

obtained, 6 lines were shown to contain the full construct via genomic PCR (Figure 10B & 

10D).  Seeds from all lines that were not shown to contain the full-length construct were set 

aside and were not used for any further experiments. 

To examine the expression of 16D10RNAi constructs in transformed tobacco lines, 

RNA was extracted from all of the remaining lines and cDNA was amplified using the PDK 

For primer (Figure 8B) since the usual oligo dT primer requires a poly-A tail that is not 

present in the 16D10-RNAi constructs.  The PDK intron was then PCR amplified from the 

cDNA using the primers PDK For and PDK Rev (Figure 8B).  Expression of the PDK intron 

was successfully amplified from 16D10RNAis constructs in all of the lines that contained the 

full-length construct, both in TN90 (Figure 11A & 11B) and Hicks (Figure 12A & 12B).  As 

a negative control, RNA from all lines was put through the cDNA protocol except no reverse 

transcriptase was added, so no cDNA was produced.  PCR amplification of the PDK intron 

minus reverse transcriptase is underway to confirm that the bands seen in Figure 11 and 

Figure 12 are absent from the negative controls, showing that they are from cDNA and not 

from genomic DNA contamination of the RNA samples. 

 

M. arenaria Multi-line Nematode Infection Assays 

Two-month nematode infection assays were carried out to test the nematode 

resistance of the transgenic doubled haploid tobacco lines using 10,000 eggs of M. arenaria 
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per plant.  These assays tested 4 lines each from TN90 16D10-I, Hicks 16D10-I, and Hicks 

16D10-II.  A test of TN90 16D10-II was also attempted twice but extremely low infection 

rates in the wild-type controls and a white fly and fungal epidemic that killed most of the 

plants prior to completion of the assay caused the data from these tests to not be useable.  

Four lines of TN90 transformed with the 16D10RNAi-I construct were tested along 

with untransformed TN90 (wild-type) as a control. These lines were TN90 I-2, I-6, I-8, and I-

18.  Fresh root weights from each line were compared to wild-type and no significant 

difference (α=0.05) was found for any of the lines (Table 1A, Figure 13C).  The number of 

eggs per plant at the end of the assay was counted (Figure 13A), and significance was 

determined by an unpaired t-test with α=0.05.  The results of this test are shown in Table 1A 

and Figure 13.  Three of the lines, TN90 I-2, I-8, and I-18, had an average eggs per plant 

significantly lower than wild-type (α=0.05), however the TN90 I-6 line was not significantly 

different from wildtype (p-value of 0.26). The TN90 I-8 line had the greatest percent egg 

reduction as compared to wildtype with a reduction of 62.9% and a significant p-value of 

3.8x10
-5

. Using the root fresh weights of each plant, the number of eggs/g of root was 

calculated (Table 1A, Figure 13B).  The eggs/g of root for the same three lines (TN90 I-2, I-

8, and I-18) were found to be significantly lower than wild-type (α=0.05). The TN90 I-6 line 

was again not significantly lower (p-value of 0.35) than wild-type. The TN90 I-8 line again 

had the greatest percent reduction as compared to wildtype, 56.2%.  

As with the TN90 16D10RNAi-I lines, 10 plants from each of 4 lines of Hicks 

16D10RNAi-I along with 10 Hicks wild-type control plants were inoculated with 10,000 

eggs of M. arenaria per pot. After 2 months, the average number of eggs/plant was 
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determined (Table 1B, Figure 14A), the roots were weighed (Table 1B, Figure 14C) and the 

average eggs/g of root was calculated (Table 1B, Figure 14B). As with the TN90 

16D10RNAi-I infection assay, significant differences were determined based on an unpaired 

t-test with α=0.05. Again the root weights were compared and none of the lines were found 

to be significantly different from wild-type (Table 1B, Figure 14C). None of the four lines 

tested were significantly different from wildtype for the average eggs per plant, however 2 of 

the lines, Hicks I-4 and Hicks I-14, each had an outlier plant that was significantly higher 

than the other plants in the line, and when the outliers were excluded the average eggs per 

plant were significantly lower than wildtype (Table 1B).  Also once the root system size was 

taken into account the same two lines, Hicks I-4 and Hicks I-14, were significantly lower 

than wildtype whether or not the outlier was excluded (Table 1B, Figure 14B).   

For the Hicks 16D10RNAi-II lines, again 10 plants from each of 4 lines, along with 

10 Hicks wild-type control plants, were inoculated with 10,000 eggs of M. arenaria per pot. 

After 2 months, the average number of eggs/plant was again determined (Table 1C, Figure 

15A), the roots were weighed (Figure 15C) and the average eggs/g of root was calculated 

(Figure 15B). As with the previous infection assays, significant differences were determined 

based on an unpaired t-test with α=0.05. Hicks II-12 and II-20 were the only lines tested to 

show significantly different root system weights as compared to wild-type (Table 1C, Figure 

15C), and both had significantly higher root weights than wildtype with 28.3% increase in 

root system size for Hicks II-12 and a 30.8% increase for Hicks II-20.  Of the 4 lines tested, 

only Hicks II-20 was significantly different than wildtype whether or not the root system size 

was taken into account (Table 1C, Figure 15).  
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In order to determine the siRNA levels in the resistant 16D10RNAi plants and 

attempt to correlate the siRNA levels to the resistance, RNA needed to be extracted from root 

tissue from which an infection level could be determined.  Since 3 of the four TN90 16D10-I 

lines were observed to be significantly different from wild-type, this test was selected to be 

repeated in order to extract siRNA from plants both 1 week before and during (week 6) the 

infection assay. The infection assay was performed and analyzed exactly as before. 

Unfortunately, the infection level of the wild-type control plants was much lower than in 

previous tests with an average of 36,727 eggs/plant and 594 eggs/g of root (Table 2) as 

compared to the previous test average of 67,533 eggs/plant and 777 eggs/g of root (Table 1). 

The low infection rates in this test were most likely because the test was performed in the 

winter, and even in the greenhouse the infection levels tend to be lower in the winter. This 

made it difficult to see significant differences even when the infection levels were more than 

30% lower than wild-type (Table 2, Figure 16).  The TN90 I-8 average eggs/plant was not 

significantly different (p-value of 0.13) even with 36.6% less eggs than wild-type, but this 

line also had an outlier with 87,333 eggs/plant, and when the outlier was excluded, this line 

was significantly different than wildtype.  Also, adjusted for the root system size the eggs/g 

of root (Figure 16B) were significantly different (p-value of 0.030) than wild-type whether or 

not the outlier was included. 

 

siRNA Sequencing 

16D10 siRNA was not expressed in either of the two wild-type TN90 tobacco 

samples used as negative controls (Table 3).  siRNA from 16D10RNAi TN90 plants was also 
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not expressed in sample I-2 #2, and only the anti-sense was found in sample I-2 #3 (Table 3).  

All other transgenic TN90 tobacco samples expressed siRNA derived from the 16D10RNAi 

construct (Table 3).   The comparisons between the TN90 lines included all the replicates of 

each sample and normalization was completed across all data.  A boxplot of the distribution 

of the normalized reads indicates that normalization was effective all replicates of all samples 

(see supplemental data).  Significant differences in 16D10 siRNA expression between lines 

were found using Baggerley’s test and multiple testing correction was done with both 

Bonferroni methods and FDR methods, and significance was based on the adjusted p-values.  

The significant differences found are highlighted in red in Table 3B.  The TN90 line I-2 was 

not significantly different from wild-type for the positive or the negative strands while the 

TN90 I-6 was significantly different from wild-type for both positive and negative strands.  

TN90 I-8 was significantly different was significantly different from wild-type for the 

positive strand only. Line TN90 I-18 was significantly different from wild-type for both 

positive and negative strands.  

It was determined that the I-6 #4 and I-8 #2 replicates were outliers and the statistical 

analysis was repeated excluding these replicates (Table 3B).  Without the outlier, expression 

of 16D10 siRNA in TN90 line I-6 was still significantly different from wild-type for both 

positive and negative strands.  With the exclusion of the outlier, TN90 line I-8 was shown to 

still be significantly different from wild-type for the positive strand, and removal of the 

outlier caused it to be significantly different from wild-type for the negative strand as well. 

 Comparisons between replicates within a line were also made, and 16D10 siRNA was 

found to be differentially expressed between the replicates within a line.  No significant 



 

66 

differences in expression of 16D10 siRNA were found between the I-2 replicates. I-6 #4 was 

found to be significantly different in expression of 16D10 siRNA from the other 3 I-6 

replicates, indicating it was an outlier.  The sense strand counts for I-6 #3 were also found to 

be significantly different from the other I-6 replicates, but the antisense counts were not 

significantly different.  I-8 # 2 was found to be significantly different in expression of 16D10 

siRNA from all the other I-8 replicates for the antisense strand and was found to be 

significantly different from I-8 #2 for the sense strand as well.  This data along indicated that 

it was an outlier. I-8 #1 antisense strand counts were also found to be significantly different 

from all the other replicates, but the sense strand counts were not significantly different. I-18 

#1 and I-18 #2 were found to be significantly different in expression of 16D10 siRNA from 

I-18 #3 and I-18 #4 for the sense strand counts, but were not significantly different for the 

antisense strands. 

  

TN90 I-8 Nematode Infection Assays with Multiple Meloidogyne species 

 In order to test the resistance of the 16D10RNAi transformed tobacco to the major 

species of root-knot nematode, one of the most resistant lines, TN90 I-8, was selected.  As 

before 10,000 nematode eggs were used to inoculate each pot and tests were run for 2 

months, however the replicate number was increased from 10 plants per line to 20 plants of 

TN90 I-8 and 20 plants of wild-type TN90 as controls.  As with the previous infection 

assays, all p-values were determined using an unpaired t-test, which compared the TN90 I-8 

plants to the wild-type control plants.  Significance was determined by a p-value of 0.05 or 
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less.  Since in the eggs/gram of root and eggs/plant showed similar results, only eggs/g of 

root data will be presented. 

 First M. arenaria was again used for inoculation to confirm the previous results, and 

3 repeats of the test were conducted (Table 4A, Figure 17).  For all 3 repeats, TN90 I-8 was 

found to have significantly lower eggs/g of root than wildtype, with a reduction in egg count 

ranging from 48.8-60.2%.  In order to compare the tests to each other, the data was 

normalized to the wildtype control, setting wildtype a value of 1.0.  A two factor ANOVA 

test was then performed on the normalized data from the 3 tests together and the difference 

between the lines (wildtype and TN90 I-8) was significant, while no test effect (p-value of 

0.860) was observed (Table 4A). 

 The second Meloidogyne species tested was M. incognita, specifically race 4. As with 

M. arenaria, the infection levels of the TN90 I-8 plants in the first 2 tests were significantly 

lower than wild-type, with a reduction of 42.0 and 52.3% (Table 4B, Figure 18). However 

the results from the third infection assay did not show a significant difference (p-value of 

0.48), most likely because the infection level was extremely low for M. incognita, with the 

wild-type average eggs/g of root only 698 (Table 4B, Figure 18). Most likely this low 

infection level was again due to performing the test during the winter months, although again 

the test was conducted in a heated greenhouse. Again the data was normalized and a two 

factor ANOVA was performed, showing that for the 3 repeats together there was a 

significant difference between the two lines but there was not a significant test effect, despite 

the low infection level of the third repeat (Figure 18C). 
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 The next species tested was M. javanica, and again 3 repeats were.  The first infection 

assay showed similar resistance as was seen with M. arenaria and M. incognita (Table 4C, 

Figure 19) with significantly lower eggs/gram root in the TN90 I-8 plants than the wild-type 

plants. The results of the second and third infection assays were very different.  For the 

second infection assay (Figure 19B), the average eggs/g of root for wild-type was 9594, more 

than 4 times the infection level of the first test, and much higher than was seen in any other 

infection assay, even though the starting inoculum (10,000 eggs) was not altered.  Also the 

eggs/g of root for TN90 I-8 was significantly higher (p-value of 2.3x10-5) than wild-type, 

with an average of 19446 eggs/g of root, a 102.7% increase. During this test one of the wild-

type plants died and several of the wild-type and the TN90 I-8 plants were close to death at 

the end of the assay, due to a massive white fly infestation that was followed by an unknown 

fungal infection (most likely caused by Pythium spp. from the symptoms).  The greenhouse 

benches were thoroughly bleached and sprayed with insecticides before the third test, 

however the white fly epidemic and fungal infestation was repeated, although this time all 

the plants survived until the end of the assay.  Again the infection levels were much higher 

than usual in the wild-type plants (6205 eggs/g of root) and again significantly higher (p-

value of 0.0002) for TN90 I-8 with an average of 11,019 eggs/g of root, a 77.6% increase 

(Figure 19C).  The two factor ANOVA of the normalized data from the three tests (Figure 

20) showed a significant difference between the lines, although in this case the TN90 I-8 line 

had significantly higher eggs/g of root than wildtype.  However, for this set of repeats there 

was a significant test effect (p-value of 7.02 x 10
-8

), indicating that the test repeats were 

significantly different from one another. 
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Discussion 

The resistance in both flue-cured and burley tobacco to multiple species of 

Meloidogyne observed in this study makes the use of 16D10RNAi as a root-knot nematode 

control very promising. The only resistance currently commercially available in flue-cured 

and burley tobacco lines for M. incognita in the United States is the Rk gene, which confers 

resistance only to races 1 and 3 of M. incognita (Yi et al., 1998). While resistance to race 1 of 

M. arenaria is available in flue-cured tobacco, this resistance is incomplete when compared 

to the resistance conferred by the Rk gene to races 1 and 3 of M. incognita (Ng'ambi et al., 

1999a).  A study of tobacco germplasm by Ng'ambi et al. (1999b) found limited resistance to 

M. arenaria race 2, M. incognita races 2 and 4, and M. javanica, but no resistance to M. 

hapla was found.  While the 16D10RNAi tobacco produced in this study was not tested 

against M. hapla, the 16D10RNAi Arabidopsis created by Huang et al. (2006b) was found to 

be resistant to M. hapla, indicating the 16D10RNAi tobacco may also be resistant to M. 

hapla.  Also the 16D10RNAi tobacco was found to be resistant to M. incognita race 4, for 

which only limited resistance is available in tobacco germplasm (Ng'ambi et al., 1999b).  To 

further improve resistance, the 16D10RNAi constructs could easily been transformed into 

tobacco germplasm that already contains the Rk resistance gene, which could improve 

already elite germplasm. 

In this study thirty six lines of tobacco were successfully transformed with the full-

length 16D10RNAi constructs created by Huang et al. (2006b), twenty lines of the burley 

tobacco TN90 and 16 lines of flue-cured tobacco Hicks.  Twelve of these lines were tested 

for Meloidogyne arenaria resistance, and three lines of TN90 16D10-I, 2 lines of Hicks 
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16D10-I, and 1 line of Hicks 16D10-II were shown to have significantly lower nematode 

reproduction than the untransformed wild-type controls.  

Only two lines of Hicks 16D10-IItested showed a significantly different root system 

size compared to the wild-type controls, and both were significantly larger than the wildtype 

controls.  One of these lines, Hicks II-20, is of particular interest because it was also the only 

Hicks 16D10-II line found to be significantly different from wildtype (p-value of less than 

0.01) and had a decrease in infection of more than 70% as compared to wild-type, whether or 

not the root system size was taken into account.  It is also possible that the increase in root 

system size is the result of a positional effect of the insertion, since this increase in root 

system size was only seen in 2 lines of transformed tobacco and was not seen in any of the 

16D10RNAi Arabidopsis transformed by Huang et al. (2006b).  The reason for the root 

system increase still needs further study since having a larger root system with a lower 

infection rate makes this line of particular interest, as a larger root system might be indicative 

of a greater yield potential.    

While the levels of resistance varied from line to line, the best resistance shown was a 

reduction of 73.2% in eggs/g of root in the Hicks II-20 line (Figure 15C).  While a 73.2 % 

reduction is significant and agronomically useful, overall the reduction in eggs/g of root seen 

was as not great as was seen in the 16D10RNAi Arabidopsis plants produced by Huang et al. 

(2006b), who found an eggs/g of root reduction of 69-93 % as compared to the wildtype 

controls.  Most likely this is due to the increase in complexity of the plant species being 

tested, as tobacco is a much more complex plant than Arabidopsis thaliana.  A recent study 

by Yang et al. (2013) testing the efficacy of the Huang et al. (2006b) 16D10RNAi constructs 
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in grapevine hairy roots produced lines with resistance as great as 97%, however only 4 of 

the 21 lines tested showed a significant decrease in eggs/g of root when compared to an 

empty vector control.  This indicates that the challenges to obtaining stable resistance in 

transgenic grape may be similar to those seen in this study using transgenic tobacco.  Many 

researchers have had difficulties getting stable transgene expression of RNAi constructs, and 

unstable expression has been found in tobacco with RNAi targeting the tomato spotted wilt 

virus (TSWV) (Liu et al., 2003).  Also, multiple gene copies can lead to unstable transgene 

expression (Butaye et al., 2005), and the copy number is unknown for all of the 16D10RNAi 

tobacco lines. Unstable expression due to transcriptional silencing could account for the 

decreased resistance seen in the 16D10RNAi tobacco as compared to the 16D10RNAi 

Arabidopsis, although the gene copy number of the 16D10RNAi Arabidopsis is also 

unknown (Huang et al., 2006b). One way to prevent transcriptional silencing is with the use 

of matrix attachment regions (MARS), and the use of a tobacco Rb7 MAR was found to 

improve the stability of the TSWV RNAi construct created by Liu et al. (2003) in tobacco  

(Levin et al., 2005).  The possibility that unstable expression may be the cause of the lower 

resistance in tobacco is supported by the high variation seen both between lines of tobacco 

and also the high variation seen within the 16D10RNAi transgenic tobacco lines. The two 

lines of Hicks 16D10-I that were found to be significantly different from wild-type (I-4 and 

I-14) both had outlier plants that .had significantly higher eggs/g of root than the other plants 

within the line (Table 1B).  These outliers were both more than 3 times higher than the next 

highest replicate plant within the line.  While nematode infection assays often show great 

deal of variability, and variability was seen in the wildtype controls, the transgenic plants in 
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both the I-4 and I-14 lines had a relatively consistent level of resistance with the exception of 

the two outliers.  This makes it unlikely that the increase in eggs/g of root seen in the 2 

outliers was due to typical variation seen in nematode infection assays.  This indicates that 

the differences in resistance may be due to differences in the expression levels of the RNAi 

constructs.  Outliers like these can make it difficult to see significant differences between the 

control and the transformed line being tested.  Since variability is often an issue in infection 

assays this makes it important to have multiple plant replicates in order to increase the 

likelihood of seeing a statistically significant difference. 

To determine if different lines or if different plants within a line had different siRNA 

expression levels, the test of four TN90 16D10RNAi lines was repeated, in an attempt to 

correlate the siRNA levels to the resistance levels.  This test was selected because three of 

the four TN90 16D10-I lines were seen to be significantly different from wild-type, however, 

in the test repeat only one of the lines, I-8, was found to be significantly different from wild-

type.  This was most likely because the infection levels of the wild-type control plants were 

much lower than in previous tests (average of 36,727 eggs/plant and 594 eggs/g of root as 

compared to an average of 67,533 eggs/plant and 777 eggs/g of root in the previous TN90 

16D10-I test). This test was performed in the winter, and even in the greenhouse the root-

knot nematode infection levels tend to be lower in the winter. This made it difficult to see 

significant differences even when the infection levels were more than 30% lower than wild-

type.  All four lines had at least 25% lower infection rates as compared to the controls, 

however only I-8 was significantly different than wild-type when adjusted for the root system 

size. 
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While the purpose of repeating this test was to determine whether there was a 

correlation between siRNA levels and resistance, little can be statistically determined so far 

from the results due to the low infection rate. What can be determined is that all 4 lines tested 

do express 16D10RNAi while wild-type does not. However, only 3 of the lines were 

statistically different than wild-type.  The I-8 line was significantly different than wild-type 

for both the siRNA levels and the infection level, however it was not significantly different 

from the other lines. It is difficult to determine the quantity of siRNA required based on this 

study.  It appears that as low as 40 counts each of sense and antisense 16D10 siRNA out of 

approximately 1,000,000 reads is sufficient to confer partial resistance in the case of line I-8 

plants 3 and 4. However, counts of line I-6 plants were much higher than the I-8 plants (with 

sense and antisense counts greater than 3,000 in the case of I-6 plant 3) and seemed to be less 

resistant than the I-8 plants. This may indicate that too high a concentration of 16D10 siRNA 

may have a negative impact on silencing.  The line with the lowest siRNA expression, I-2, 

did have the greatest infection levels, although they were not significantly higher than any of 

the other lines.  What is also of note is that the only transgenic plant to not have any 

16D10RNAi expression, I-2 #2, also had the highest infection level out of all the I-2 lines 

tested (1070 eggs/g of root), a level higher than even the wild-type average (594 eggs/g of 

root).  A similar example is the I-6 outlier (I-6 #4), which had significantly lower siRNA 

levels than the other three replicates within the line, and also had a higher egg count than the 

other replicates tested for siRNA.   While the differences in nematode infection levels for 

both of these lines were not significant, this still indicates that further testing should be done 

to see if a correlation can be made, and if an ideal range of siRNA quantity can be 
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determined.  The Yang et al. (2013) study of the use of 16D10RNAi in transgenic grape hairy 

roots generally found higher counts than were seen in this study, with siRNA counts higher 

than 15,000 for both the sense and antisense 16D10 siRNA strands in four lines out of the six 

tested.  However, Yang et al. (2013) did not see a strong correlation between siRNA counts 

and infection level, as only two of the four lines with significant siRNA counts also had 

significantly fewer eggs per gram of root than the empty vector controls. A study by 

Hamamouch et al. (2012) looking at host derived RNAi targeted to the 30C02 parasitism 

gene in Heterodera schachtii identified relatively moderate expression levels of primarily of 

21nt siRNA in lines but still found significant resistance to H. schachtii.  Another way to 

determine if the siRNA is being expressed is to extract nematodes from the root tissue after 

infection and quantify the 16D10 protein (Huang et al., 2006a) being produced by the 

nematodes, since the goal of the siRNA is to silence 16D10 trancript expression in the 

nematode.  Also the tissue used for siRNA extraction in this experiment was whole root 

tissue; in the future it would be interesting to extract siRNA from the feeding sites to confirm 

that the siRNA is being expressed locally in the feeding sites.   

The potential use of the constitutive Gmubi promoter (Chiera et al. 2007) or the 

nematode-inducible NtCel7 promoter (Wang et al., 2007) to drive 16D10 dsRNA/siRNA 

expression in nematode feeding sites is being explored as described in the construct 

modification chapter.  The NtCel7 promoter has already been successfully used by Patel et al. 

(2010) to silence the Hs4F01gene in Heterodera schachtii by using the Ntcel7 promoter to 

drive a pHANNIBAL hairpin dsRNA construct targeting the Hs4F01gene.  Since proper 

splicing of the intron is also crucial for dsRNA production (Wesley et al., 2001) and 



 

75 

subsequent siRNA production, another modification that can be made to the RNAi construct 

is changing the intron spacer with one that is more likely to be spliced. Splice sites for intron 

spacers are determined by both the sequence of the intron and the sequence of the 

surrounding construct (Hebsgaard et al., 1996). Splice site prediction is available for intron 

constructs in Arabidopsis via the website NetPlantGene 

(http://www.cbs.dtu.dk/services/NetPGene/), produced by Hebsgaard et al. (1996). One 

possible alternative spacer currently being explored in the construct modification chapter is 

the GUS spacer, a portion of the GUS gene (Li et al., 2010), which has previously been used 

as a spacer for other RNAi constructs (Li et al., 2010). 

 What is clear from the data is that the TN90 I-8 line does express the 16D10 dsRNA 

and is significantly more resistant than wild-type TN90 to M. arenaria.  To further confirm 

this, three repeated tests with a larger number of replicates also all indicated that the TN90 I-

8 line is resistant to M. arenaria, with a range of 48.8-60.2% less eggs/g of root than the 

wild-type controls.  This line was then tested against two of the other major species of root-

knot nematode, M. incognita and M. javanica.  For M. incognita, two of the three repeated 

tests showed similar levels of resistance as were seen in M. arenaria, with 42.0 and 52.3% 

less eggs than the wild-type controls.  Most likely this was because the wild-type infection 

level was very low for M. incognita (wild-type average eggs/g of root of 698, as compared to 

2,739 and 4,781 eggs/g of root in the previous two tests). This was most likely because the 

test was performed during the winter months, when M. incognita tends to be a bit less 

aggressive.  Despite the low infection by M. incognita in the third test it can be statistically 

determined by two factor ANOVA tests that the TN90 I-8 line has significantly lower 
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nematode reproduction rates than the wildtype controls for both M. arenaria and M. 

incognita.  The first test against M. javanica showed similar results to the other two species 

(the TN90 16D10RNAi line was significantly more resistant and had 42.0% fewer eggs/g of 

root than wild-type). However, the results of the second and third infection assays 

demonstrated the opposite, an increase in M. javanica infection relative to wild-type controls. 

During the second and third M. javanica tests there was a massive white fly infestation, as 

well as an unknown fungal infection (most likely caused by Pythium spp. from the 

symptoms), and in both cases some plants showed severe pest symptoms by the end of the 

assay. Perhaps in this case, the fungal and white fly infestations put the plants under enough 

stress that they became more susceptible to root-knot nematode infection, or perhaps the 

siRNA is not expressed as highly under stressed conditions. A two factor ANOVA did 

determine that there was a significant test effect, indicating that these tests should be repeated 

to determine whether or not the TN90 I-8 line is resistant to M. javanica.  

Despite some inconsistent results with M. javanica, it is clear that expression of the 

16D10RNAi constructs created by Huang et al. (2006b) in tobacco results in tobacco with 

increased resistance to root-knot nematodes. It needs to be further elucidated whether higher 

siRNA expression levels result in a lower nematode infection rate, and subsequent tests with 

the modified 16D10RNAi constructs will assess this hypthesis.  While the reduction in 

infection in tobacco was not as high as was seen in Arabidopsis, the greater than 50% 

reduction in infection of the 16D10RNAi tobacco lines is a significant step towards 

genetically engineering resistance to root-knot nematodes.  Another downstream application 

for this research is to pyramid several RNAi constructs targeting different nematode genes 
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together. RNAi against the 8D05 parasitism gene of M. incognita expressed in transgenic 

Arabidopsis has recently been shown to silence 8D05 expression in the nematode and result 

in reduction of root-knot nematode infection of Arabidopsis roots by 73-90% (Xue et al., 

2013). With improved construct design and delivery, the potential utility of host-derived 

RNAi targeted to nematode parasitism genes shows great potential in cultivated crop species.  
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Table 1. M. arenaria infection assays testing multiple transformed 16D10RNAi lines. Average root fresh 

weights, average total eggs, average eggs/g of root and % reduction in eggs/g of root as compared to wildtype 

are shown.  P-values obtained from unpaired t-tests comparing each line to the wildtype control are also shown 

and significant p-values (α=0.05) are highlighted in green.   A. Results of TN90 16D10RNAi-I assay infected 

with M. arenaria.  B. Results of Hicks 16D10RNAi-I assay infected with M. arenaria.  C. Results of Hicks 

16D10RNAi-II assay infected with M. arenaria.   

 

 

 



 

83 

Table 2. M. arenaria TN90 16D10RNAi-I infection assay repeat for siRNA sequencing. Results of the 

repeated TN90 16D10RNAi-I assay infected with M. arenaria. Average root fresh weights, average total eggs, 

average eggs/g of root and % reduction in eggs/g of root as compared to wildtype are shown.  P-values obtained 

from unpaired t-tests comparing each line to the wildtype control are also shown and significant p-values 

(α=0.05) are highlighted in green.    
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Table 3. Expression of siRNA in roots of TN90 16D10RNAi-I tobacco lines prior to infection with M. 

arenaria. A. siRNA sequencing results showing total reads pre and post trimming, average siRNA length, and 

total 16D10 siRNA counts for both the sense and antisense. Eggs/g of root data is also shown. The wildtype 

plant #1 eggs/g of root data is not available due to an extraction error, but the average eggs per gram of root for 

the wildtype control plants tested was 594 eggs/g of root.  The rows highlighted in pink for lines I-6 and I-8 are 

outliers. B. Statistical results of comparison between wild-type and each line. All p-values were determined 

using Baggerley’s test and were Bonferroni corrected and FDR corrected. Significant (α=0.05) p-values are 

highlighted in green and the text of values that changed after outlier exclusion are in red. TN90 line I-2 was not 

significantly different from wild-type for the positive or the negative strands. TN90 line I-6 was significantly 

different from wild-type for both positive and negative strands, whether or not the outlier I-6 #4 (highlighted in 

pink in A.) was removed.  TN90 line I-8 was significantly different from wild-type for the positive and the 

negative strands when the outlier I-8 #2 (highlighted in pink in A.) was removed, and was significantly different 

for the positive strand even with the outlier included. Line I-18 was significantly different from wild-type for 

both positive and negative strands. 
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Table 4. TN90 I-8 infection assays with multiple Meloidogyne spp. Average eggs/g of root, % reduction in 

eggs/g of root as compared to wildtype, and eggs/g of root normalized to the wildtype controls are shown.  P-

values obtained from unpaired t-tests comparing each line to the wildtype control, as well as p-values obtained 

from a two factor anova test for the three tests combined are also shown and significant p-values (α=0.05) are 

highlighted in green. A. Results of 3 replicate tests of TN90 I-8 assay infected with M. arenaria.  B. Results of 

3 replicate tests of TN90 I-8 assay infected with M. incognita.  C. Results of 3 replicate tests of TN90 I-8 assay 

infected with M. javanica.   
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Figure 7. Design of the transgene used for RNAi against the 16D10 gene, as designed by Huang et al. 

(2006, PNAS).  A. The design for the 16D10-RNAi construct used for RNA interference against the 

Meloidogyne incognita 16D10 gene.  B. The 42bp sense and antisense sequences used in the 16D10-RNAi-I 

construct.  C. The 271bp sense and antisense sequences used in the 16D10-RNAi-II construct. 
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Figure 8. PCR design and primers used to identify the 16D10RNAi constructs. The forward and reverse 

primers used are listed. A. Scheme for PCR confirmation of the presence of the 16D10 constructs in tobacco. B. 

Scheme for PCR confirmation of the expression of the constructs from the presence of the 16D10 intron in 

tobacco.  
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Figure 9. PCR amplification of the 16D10RNAi construct from TN90 genomic DNA. A. PCR results from 

TN90 16D10-I lines for the first half of the construct using the primers End 35S For and Begin PDK Rev 

expected to amplify a 371 bp fragment. B. PCR results from TN90 16D10-II lines for the first half of the 

construct using the primers End 35S For and Begin PDK Rev expected to amplify a 599 bp fragment. While the 

bands are faint, bands are present for all transformed lines except II-2 and II-4. C. PCR results from TN90 

16D10-I lines for the second half of the construct using the primers End PDK For and mid OCS Rev expected 

to amplify a 513 bp fragment. D. PCR results from TN90 16D10-II lines for the first half of the construct using 

the primers End PDK For and mid OCS Rev expected to amplify a 742 bp fragment. The top band corresponds 

to the 16D10 RNA fragment while the bottom band (also present in wild-type) is most likely due to non-specific 

binding to native tobacco DNA. 
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Figure 10. PCR amplification of the 16D10RNAi construct from hicks genomic DNA. A. PCR results from 

Hicks 16D10-I lines for the first half of the construct using the primers End 35S For and Begin PDK Rev 

expected to amplify a 371 bp fragment. B. PCR results from Hicks 16D10-II lines for the first half of the 

construct using the primers End 35S For and Begin PDK Rev expected to amplify a 599 bp fragment. C. PCR 

results from Hicks 16D10-I lines for the second half of the construct using the primers End PDK For and mid 

OCS Rev expected to amplify a 513 bp fragment. D. PCR results from Hicks 16D10-II lines for the first half of 

the construct using the primers End PDK For and mid OCS Rev expected to amplify a 742 bp fragment. 

 

 

 

Figure 11. Expression of the 16D10RNAi construct as measured by RT-PCR of the PDK intron using 

TN90 tobacco cDNA as template. A. PCR results from TN90 16D10-I lines for the PDK intron using the 

primers PDK For and PDK Rev expected to amplify a 632 bp fragment. B. PCR results from TN90 16D10-II 

lines for the PDK intron using the primers PDK For and PDK Rev expected to amplify a 632 bp fragment. 
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Figure 12. Expression of the 16D10RNAi construct as measured by RT-PCR of the PDK intron using 

Hicks tobacco cDNA as template. A. PCR results from Hicks 16D10-I lines for the PDK intron using the 

primers PDK For and PDK Rev expected to amplify a 632 bp fragment. B. PCR results from Hicks 16D10-II 

lines for the PDK intron using the primers PDK For and PDK Rev expected to amplify a 632 bp fragment. 
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Figure 13. M. arenaria infection assay of TN90 16D10-I lines. All p-values are from an unpaired t-test 

comparing the TN90 I-8 line to wildtype, with a p-value of 0.05 or less required for significance. A p-value of 

0.05-0.01 is denoted by *, a p-value of 0.01-0.001 is marked by **, and a p-value of less than 0.001 is marked 

by ***. A. Results depicted using the average number of eggs/plant.  Wildtype had an average of 67,533 

eggs/plant. TN90 I-2 had a significantly lower (p-value of 0.0012) average of 39,600 eggs/plant for a reduction 

of 41.4% as compared to wildtype. TN90 I-6 was not significantly lower (p-value of 0.26) with an average of 

61,000 eggs/plant for a reduction of 9.7% as compared to wildtype. TN90 I-8 had a significantly lower (p-value 

of 3.8x10
-5

) average of 25,067 eggs/plant for a reduction of 62.9% as compared to wildtype. TN90 I-18 had a 

significantly lower (p-value of 0.011) average of 48,200 eggs/plant for a reduction of 28.6% as compared to 

wildtype. B. Results depicted using the average number of eggs/g of root.  Wildtype had an average of 777 

eggs/g of root. TN90 I-2 had a significantly lower (p-value of 0.0019) average of 378 eggs/g of root for a 

reduction of 51.4% as compared to wildtype. TN90 I-6 was not significantly lower (p-value of 0.35) with an 

average of 698 eggs/g of root for a reduction of 10.1% as compared to wildtype. TN90 I-8 had a significantly 

lower (p-value of 0.0015) average of 341 eggs/g of root for a reduction of 56.2% as compared to wildtype. 

TN90 I-18 had a significantly lower (p-value of 0.014) average of 447 eggs/g of root for a reduction of 42.5% 

as compared to wildtype. C. Root weights of each of the lines, no significant differences in root weights were 

found with an α=0.05. 
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Figure 14. M. arenaria infection assay of Hicks 16D10-I lines. All p-values are from an unpaired t-test 

comparing the TN90 I-8 line to wildtype, with a p-value of 0.05 or less required for significance. A p-value of 

0.05-0.01 is denoted by *, a p-value of 0.01-0.001 is marked by **, and a p-value of less than 0.001 is marked 

by ***. A. Results depicted using the average number of eggs/plant.  Wildtype had an average of 85,067 

eggs/plant. Hicks I-2 was not significantly lower (p-value of 0.25) with an average of 72,250 eggs/plant for a 

reduction of 15.1% as compared to wildtype. Hicks I-4 was not significantly lower (p-value of 0.18) with an 

average of 56,952 eggs/plant for a reduction of 33.0% as compared to wildtype. Hicks I-9 was not significantly 

lower (p-value of 0.39) with an average of 77,916 eggs/plant for a reduction of 8.4% as compared to wildtype. 

Hicks I-14 was not significantly lower (p-value of 0.11) with an average of 56,889 eggs/plant for a reduction of 

33.1% as compared to wildtype. B. Results depicted using the average number of eggs/g of root.  Wildtype had 

an average of 2852 eggs/g of root. Hicks I-2 was not significantly lower (p-value of 0.22) with an average of 

2758 eggs/g of root for a reduction of 3.3% as compared to wildtype. Hicks I-4 had a significantly lower (p-

value of 0.05) average of 2097 eggs/g of root for a reduction of 26.5% as compared to wildtype. Hicks I-9 was 

not significantly lower (p-value of 0.10) with an average of 2490 eggs/g of root for a reduction of 12.7% as 

compared to wildtype. Hicks I-14 had a significantly lower (p-value of 0.036) average of 1776 eggs/g of root 

for a reduction of 37.7% as compared to wildtype. 
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Figure 15. M. arenaria infection assay of Hicks 16D10-II lines. All p-values are from an unpaired t-test 

comparing the TN90 I-8 line to wildtype, with a p-value of 0.05 or less required for significance. A p-value of 

0.05-0.01 is denoted by *, a p-value of 0.01-0.001 is marked by **, and a p-value of less than 0.001 is marked 

by ***. A. Results depicted using the average number of eggs/plant.  Wildtype had an average of 169,037 

eggs/plant. Hicks II-4 was not significantly higher (p-value of 0.30) with an  average of 206,583 eggs/plant for 

an increase of 22.29% as compared to wildtype. Hicks II-10 was not significantly lower (p-value of 0.38) with 

an average of 151,400 eggs/plant for a reduction of 10.4% as compared to wildtype. Hicks II-12 was not 

significantly different (p-value of 0.41
5
) with an average of 160,533 eggs/plant for a reduction of 5.0% as 

compared to wildtype. Hicks II-20 had a significantly lower (p-value of 0.0026) average of 59,333 eggs/plant 

for a reduction of 64.9% as compared to wildtype. B. Results depicted using the average number of eggs/g of 

root.  Wildtype had an average of 4283 eggs/g of root. Hicks II-4 was not significantly different (p-value of 

0.47) average of 4922 eggs/g of root for an increase of 14.9% as compared to wildtype. Hicks II-10 was not 

significantly different (p-value of 0.42) with an average of 4208 eggs/g of root for a reduction of 1.7% as 

compared to wildtype. Hicks II-12 was not significantly lower (p-value of 0.15) with an average of 3169 eggs/g 

of root for a reduction of 26.0% as compared to wildtype. Hicks II-20 had a significantly lower (p-value of 

0.0015) average of 1150 eggs/g of root for a reduction of 73.2% as compared to wildtype. 
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Figure 16. M. arenaria infection assay repeat of TN90 16D10-I lines used for siRNA sequencing. Total 

eggs per root system were extracted and quantified at 8 weeks after inoculation of each plant with 10,000 M. 

arenaria eggs and root tissue samples were analyzed for expression of 16D10 siRNA (Figure 11). A. Results 

depicted using the average number of eggs/plant.  Wildtype had an average of 36,727 eggs/plant. TN90 I-2 was 

not significantly lower (p-value of 0.20) with an average of 27,056 eggs/plant for a reduction of 26.3% as 

compared to wildtype. TN90 I-6 was not significantly lower (p-value of 0.14) with an average of 24,833 

eggs/plant for a reduction of 32.4% as compared to wildtype. TN90 I-8 was not significantly lower (p-value of 

0.13) with an average of 23,278 eggs/plant for a reduction of 36.6% as compared to wildtype. TN90 I-18 was 

not significantly lower (p-value of 0.18) with an average of 24,533 eggs/plant for a reduction of 33.2% as 

compared to wildtype. B. Results depicted using the average number of eggs/g of root.  Wildtype had an 

average of 594 eggs/g of root. TN90 I-2 was not significantly lower (p-value of 0.25) with an average of 495 

eggs/g of root for a reduction of 16.7% as compared to wildtype. TN90 I-6 was not significantly lower (p-value 

of 0.16) with an average of 422 eggs/g of root for a reduction of 29.0% as compared to wildtype. TN90 I-8 had 

a significantly lower (p-value of 0.030) average of 342 eggs/g of root for a reduction of 42.5% as compared to 

wildtype. TN90 I-18 was not significantly lower (p-value of 0.11) with an average of 376 eggs/g of root for a 

reduction of 36.8% as compared to wildtype. All p-values are from an unpaired t-test comparing the TN90 I-8 

line to wildtype, with a p-value of 0.05 or less required for significance. A p-value of 0.05-0.01 is denoted by *. 
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Figure 17. TN90 I-8 M. arenaria infection assay results. All p-values are from an unpaired t-test comparing 

the TN90 I-8 line to wildtype, with a p-value of 0.05 or less required for significance. A p-value of 0.05-0.01 is 

denoted by *, a p-value of 0.01-0.001 is marked by **, and a p-value of less than 0.001 is marked by ***. A. 

Results from the first infection assay, the average eggs/g of root for wildtype was 514, while the eggs/g of root 

for TN90 I-8 was significantly lower (p-value of 0.017) with an average of 263, a 48.8% reduction. B. Results 

from second infection assay, the average eggs/g of root for wildtype was 4404, while the eggs/g of root for 

TN90 I-8 was significantly lower (p-value of 3.4x10
-6

) with an average of 1611, a 60.2% reduction. C. Results 

from the third infection assay, the average eggs/g of root for wildtype was 3509, while the eggs/g of root for 

TN90 I-8 was significantly lower (p-value of 6.6x10
-6

) with an average of 1701, a 51.5% reduction. 
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Figure 18. TN90 I-8 M. incognita infection assay results. All p-values are from an unpaired t-test comparing 

the TN90 I-8 line to wildtype, with a p-value of 0.05 or less required for significance. A p-value of 0.05-0.01 is 

denoted by *, a p-value of 0.01-0.001 is marked by **, and a p-value of less than 0.001 is marked by ***. A. 

Results from the first infection assay, the average eggs/g of root for wildtype was 2739, while the eggs/g of root 

for TN90 I-8 was significantly lower (p-value of 0.036) with an average of 1587, a 42.0% reduction. B. Results 

from second infection assay, the average eggs/g of root for wildtype was 4731, while the eggs/g of root for 

TN90 I-8 was significantly lower (p-value of 0.012) with an average of 2257, a 52.3% reduction. C. Results 

from the third infection assay, the average eggs/g of root for wildtype was 698, while the eggs/g of root for 

TN90 I-8 was not significantly different (p-value of 0.48) with an average of 729, a 4.4% increase. 
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Figure 19. TN90 I-8 M. javanica infection assay results. All p-values are from an unpaired t-test comparing 

the TN90 I-8 line to wildtype, with a p-value of 0.05 or less required for significance. A p-value of 0.05-0.01 is 

denoted by *, a p-value of 0.01-0.001 is marked by **, and a p-value of less than 0.001 is marked by ***. A. 

Results from the first infection assay, the average eggs/g of root for wildtype was 2302, while the eggs/g of root 

for TN90 I-8 was significantly lower (p-value of 0.0018) with an average of 1004, a 42.0% reduction. B. 

Results from second infection assay, the average eggs/g of root for wildtype was 9594, while the eggs/g of root 

for TN90 I-8 was significantly higher (p-value of 2.3x10
-5

) with an average of 19446, a 102.7% increase. C. 

Results from the third infection assay, the average eggs/g of root for wildtype was 6205, while the eggs/g of 

root for TN90 I-8 was significantly higher (p-value of 0.0002) with an average of 11019, a 77.6% increase. 
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Figure 20. Normalized data from the TN90 I-8 infection assays with multiple Meloidogyne spp. P-values of 

0.05 or less are required for significance. A p-value of 0.05-0.01 is denoted by *, a p-value of 0.01-0.001 is 

marked by **, and a p-value of less than 0.001 is marked by ***. A. Normalized results from the TN90 I-8 

infection assays with M. arenaria.  The average of the 3 tests combined is shown since a two factor  (Table 4A) 

showed that the test repeat did not have a significant effect on the assay.  The average percent decrease for the 3 

repeated tests is shown and the p-value was derived from a two factor anova  (Table 4A).  B. Normalized results 

from the TN90 I-8 infection assays with M. incognita.  The average of the 3 tests combined is shown since a 

two factor anova (Table 4B) showed that the test repeat did not have a significant effect on the assay.  The 

average percent decrease for the 3 repeated tests is shown and the p-value was derived from a two factor anova 

(Table 4B).  C. Normalized results from the TN90 I-8 infection assays with M. incognita.  The 3 test results are 

shown individually since a significant test effect was observed using a two factor anova (Table 4C).  The 

average percent decrease for each individual test repeat is shown and the p-values were derived from un-paired 

t-tests (Table 4C). 
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MODIFICATIONS OF 16D10RNAi CONSTRUCTS FOR POTENTIAL IMPROVED 

EXPRESSION IN ARABIDOPSIS THALIANA  

 

Abstract 

Root-knot nematodes are plant-parasitic nematodes that invade plant roots and set up 

a feeding site composed of large multinucleate giant-cells.  These cells are created by the 

nematode through proteinaceous nematode stylet secretions.  These stylet secretions are 

produced by specialized esophageal gland cells in the nematode and several have been shown 

to be crucial for successful establishment of a feeding site and nematode survival.  One of the 

proteins secreted is 16D10, which has been shown to be important for nematode survival. 

Previous studies have used host-derived RNAi targeting the 16D10 gene, and have seen high 

levels of nematode resistance in the resulting transgenic plants. Currently, all work with 

16D10RNAi has been performed using the pHANNIBAL vector, which utilizes the CaMV 

35S promoter and the PDK intron as a spacer.  Using this vector system in tobacco did 

produce resistant plants, but the resistance was not as great at was seen in the initial studies 

with Arabidopsis thaliana. The objective of this research was to design and create new 

16D10 siRNA expression vectors in an attempt to improve siRNA expression. For this 

research, the 35S promoter was exchanged for two new promoters, Gmubi and Ntcel7. Gmubi 

is a constitutive promoter that has been shown to result in greater expression in soybean than 

35S. The Ntcel7 promoter is generally only expressed in shoot and root meristematic tissue 

and weakly expressed in the vasculature, but has been shown to be up-regulated in giant-

cells.  In order to determine if better splicing of the intron spacer might result in better 
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dsRNA production, the GUS spacer was also substituted for the PDK intron.  All vectors 

were successfully assembled and transformed into Agrobacterium tumefaciens.  All of the 

constructs have been transformed into Arabidopsis thaliana using the floral-dip method, and 

selfing in order to obtain homozygous lines is currently underway.  The resulting lines will 

be tested for nematode resistance using root-knot nematode infection assays. 

Introduction 

Members of the genus Meloidogyne, or root-knot nematodes, are sedentary 

endoparasites of plant roots that cause an estimated 10 billion dollars in crop losses annually 

worldwide.  The four most economically important species are M. incognita (southern root-

knot nematode), M. javanica (Javanese root-knot nematode), M. arenaria (peanut root-knot 

nematode), and M. hapla (northern root-knot nematode) (Sasser et al., 1983).  Root-knot 

nematodes have wide host ranges, and cause damage by infecting and galling plant roots 

(Sasser, 1980).  These galls are nutrient sinks that disrupt translocation and cause stunting 

and reduced yields or even death in the host plant.  Root-knot nematode infection can also 

predispose the roots to secondary infections by other pathogens (Mayol and Bergeson, 1970).  

Nematodes penetrate the root as second-stage juveniles and move intercellularly to the 

vascular bundles where they become sedentary as they establish a feeding site.  Feeding sites 

are comprised of several giant-cells, multinucleate hypertrophic plant cells that arise from 

karyokinesis without cytokinesis (Huang, 1985; Hussey, 1985).  Hyperplasia of the cells 

surrounding the giant-cells also occurs, forming the characteristic root galls.  Root-knot 

nematodes secrete effector proteins from their esophageal gland cells into the plant cell 

through their stylets, which are hollow spears (Bird and Saurer, 1967; Bird, 1968; 
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Sundermann and Hussey, 1988). These secreted proteins are thought to be involved in giant- 

cell formation, which is critical to a successful host-parasitic interaction and subsequent 

nematode reproduction (Hussey, 1989; Davis et al., 2004).  

In an effort to identify the effector proteins in the root-knot nematode secretome, 

Huang et al. (2003) microaspirated the gland cells of 10 different stages of root-knot 

nematode and created cDNA libraries.  After EST analysis, 37 putative parasitism genes 

were identified that were unique to the gland cells and had a signal peptide signaling them for 

secretion (Huang et al., 2003). One of these genes, 16D10, was localized to the subventral 

glands and was produced in both second-stage juveniles and adult females.  This gene 

encoded a small protein, 13aa in length, less than half the size of its secretion signal peptide 

(30 aa). BLAST searches indicated the 16D10 protein was a novel protein. Western dot blots 

and ELISA of stylet secretions showed that the 16D10 protein was secreted from the stylet 

and a southern blot showed that 16D10 was conserved in all four major species of root-knot 

nematode, but absent from 2 other nematode species, Heterodera glycines and 

Caenorhabditis elegans. It was also not found in either of the two plants tested, Nicotiana 

tabacum or Arabidopsis thaliana (Huang et al., 2006a). In order to analyze the function of 

the 16D10 gene, 16D10 was overexpressed in Arabidopsis thaliana (Huang et al., 2006a). 

The resulting transgenic plants had significantly increased root lengths due to increased root 

cell division, indicating 16D10 might play a role in gall formation (Huang et al., 2006a).   A 

yeast-two-hybrid assay showed that 16D10 interacts with the SAW domain of a plant 

SCARECROW-like transcription factor (Di Laurenzio et al., 1996), leading to the conclusion 

that the 16D10 gene might function as a peptide signaling molecule (Huang et al., 2006a).  
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 Huang et al. (2006b) used RNA interference (RNAi) to knock down 16D10 gene 

expression to test the importance of 16D10 in giant-cell formation.  Root-knot nematode 

second-stage juveniles were induced to ingest 16D10 dsRNA in vitro, resulting in strong 

inhibition of the 16D10 transcript and decreased ability to infect and survive to produce eggs 

in host plant roots.  Arabidopsis thaliana was then transformed with two different 16D10 

dsRNA constructs using floral dip with Agrobacterium tumefaciens (Huang et al., 2006b). 

These constructs were created in the pHANNIBAL vector (Wesley et al., 2001) which has a 

kanamycin resistance gene as a selective marker and is driven by the CaMV 35S promoter, 

which is highly constitutively expressed in virtually all plant species (Weising et al., 1988; 

Benfey and Chua, 1990) and is designed to produce a hairpin RNAi construct.  Huang et al. 

(2006b) cloned into the pHANNIBAL vector either 42bp or 271 bp of 16D10 sense and 

antisense sequence, with the PDK intron from the pHANNIBAL vector acting as a spacer.  

Root-knot nematode infection assays of pHANNIBAL::16D10RNAi transformed 

Arabidopsis plants were shown to have significantly fewer galls (63-90% reduction) and eggs 

(69-93% reduction) than Arabidopsis transformed with an empty vector control. This 

indicated that feeding the root-knot nematodes the 16D10 dsRNA using a host plant to 

deliver the dsRNA was an efficient way to achieve resistance in transformed host plants.   

While our research (Chapter 1) with tobacco (Nicotiana tabacum) transformed with 

the original 16D10RNAi constructs made by Huang et al. (2006b) provided approximately 

40-60% reduction in root-knot nematode reproduction, the transgenic tobacco did not display 

as high a level of root-knot nematode resistance (Chapter 1) as the Arabidopsis (~60-90% 

reduction) transformed by Huang et al. (2006b). The purpose of the research below is to 
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determine if vector improvements could increase the level of 16D10RNAi expression in 

plants and the nematode resistance obtained when using such constructs.  The CaMV 35S 

promoter originally used in the 16D10RNAi constructs (Huang et al., 2006b) is one of the 

most common promoters for transgenic expression in plants (Venter, 2007), but there are 

other highly expressed constitutive promoters available, some of which produce greater 

expression than 35S. One such promoter is the soybean (Glycine max) polyubiquitin 

promoter (Gmubi), a constitutive promoter that was first isolated by Chiera et al. (2007) from 

Glycine max (L.) Merr. Gmubi was shown to have an expression level more than five times 

greater than the 35S promoter when expressed in lima bean (Phaseolus lunatus L.) seeds 

(Chiera et al., 2007). The Gmubi promoter also showed high constitutive expression in 

transgenic soybean (Hernandez-Garcia et al., 2009), including root tissues.  As opposed to 

constitutive promoters, nematode-inducible plant promoters represent an alternative to more 

efficiently express transgenes targeted to parasitic nematodes.  The Nicotiana tabacum 

cellulose 7 (Ntcel7) gene (Goellner et al., 2001) and its promoter (Wang et al., 2007) are 

strongly expressed in both root-knot and cyst nematode feeding sites and induced by auxin.  

The Ntcel7 promoter is also expressed in shoot and root meristematic tissue and weakly 

expressed in the vasculature but it is most highly expressed in giant-cells and cyst nematode 

syncytia in heterologous plant species, making it a potentially useful promoter for targeted 

genetic engineering of resistance to these nematodes (Wang et al., 2007).  Also, this promoter 

has already been successfully used by Patel et al. (2010) to silence the Hs4F01gene in 

Heterodera schachtii by using the Ntcel7 promoter to drive a hairpin construct targeting the 

Hs4F01gene in Arabidopsis thaliana. 
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Another modification that can be made to the RNAi construct is changing the intron 

spacer, since proper splicing of the intron is important for dsRNA production (Wesley et al., 

2001).  Splice sites for intron spacers are determined by both the sequence of the intron and 

the sequence of the surrounding construct (Hebsgaard et al., 1996), and splice site prediction 

is available for intron constructs in Arabidopsis via the website NetPlantGene 

(http://www.cbs.dtu.dk/services/NetPGene/), produced by Hebsgaard et al. (1996).  One 

possible alternative spacer is the GUS spacer, a portion of the GUS gene (Li et al., 2010), 

which has previously been used as a spacer for other RNAi constructs (Li et al., 2010). 

The goal of this research was to create new 16D10RNAi constructs driven by the 

Gmubi or Ntcel7 promoters, as well as new constructs utilizing the GUS spacer instead of the 

PDK intron.  All of these new constructs will be transformed into Arabidopsis, and the levels 

of resistance to root-knot nematode will be compared to Arabidopsis with the original 

16D10RNAi constructs (Huang et al., 2006b). 

 

Materials and Methods 

Vector Cloning 

The original vectors used by Huang et al. (2006b) were obtained from Dr. Richard 

Hussey at the University of Georgia and included the pHANNIBAL:16D10RNAi-1 and  

pHANNIBAL:16D10RNAi-2 constructs, both in the pART27 binary vector (Gleave, 1992).  

Both original RNAi constructs were driven by the constitutive CaMV 35S promoter and both 

contained the PDK intron (Wesley et al., 2001) as the RNAi hairpin loop (Figure 21A).  The 

16D10RNAi-1 construct contained a 42 bp sense and antisense segment that corresponded to 
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the 16D10 peptide coding sequence (Figure 21B), while the 16D10RNAi-2 construct 

contained a 271 bp sense and antisense segment (Figure 21C) that corresponded to the 16D10 

peptide plus signal peptide. The 35S:GFPRNAi:PDK vector was included as a (non-

nematode or plant) negative control and was obtained from Hamamouch et al. (2012) (Figure 

22). 

An outline of the design of the twelve new 16D10RNAi vector constructs is shown in 

Figure 23. The Gmubi promoter was obtained from Chiera et al. (2007) and was modified by 

adding a SacI site to the 5’ end and a XhoI site to the 3’ end via PCR amplification.  A 

restriction digest using the SacI and XhoI cut sites was performed and the Gmubi promoter 

fragment (983bp) was isolated using gel electrophoresis and gel purification (QIAquick Gel 

Extraction Kit from Qiagen). A restriction digest using the SacI and XhoI cut sites was also 

used to remove the 35S promoter from each of the three existing RNAi vectors (16D10-

1:PDK, 16D10-2:PDK, and GFPRNAi:PDK).  The vector fragments (13.26kb for the 16D10-

1:PDK vector, 13.717 kb for the 16D10-2:PDK vector and 14.821kb for the GFPRNAi:PDK 

vector) were isolated again using gel electrophoresis and gel purification.  The Gmubi 

promoter was then added to all three of the RNAi vectors using the T4 DNA ligase kit 

(Invitrogen). 

To create the constructs with the Ntcel7 promoter, the Ntcel7 promoter used by Wang 

et al. (2007) was obtained and a restriction digest using the SacI and XhoI cut sites was 

performed. The Ntcel7 promoter fragment (1483b) was isolated using gel electrophoresis and 

gel purification (QIAquick Gel Extraction Kit from Qiagen). A new SacI and XhoI restriction 

digest was used to remove the 35S promoter from all three existing RNAi vectors described 
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immediately above.  The vector fragments were isolated using gel electrophoresis and gel 

purification (QIAquick Gel Extraction Kit from Qiagen).  The Ntcel7 promoter was then 

added to all of the RNAi vectors using the T4 DNA ligase kit (Invitrogen). 

A vector containing the GUS spacer was obtained from Li et al. (2010). To add the 

GUS spacer to the 16D10RNAi vectors, KpnI and ClaI restriction sites were introduced using 

primers designed to amplify the GUS spacer from the obtained vector with the added KpnI 

and ClaI restriction sites (KpnI GUS For: 5’- 

AAAAAAGGTACCATCTACCCGCTTCGCGTCGGC-3’ and ClaI GUS Rev: 5’- 

AAAAAAATCGATCGAGTGAAGATCCCTTTCTTGTTACC-3’). The amplified GUS 

spacer was then digested with KpnI and ClaI.  The resulting GUS spacer fragment (929 bp) 

was isolated using gel electrophoresis and gel extraction. A KpnI and ClaI restriction digest 

was used to remove the PDK intron from the two 16D10RNAi vectors.  The RNAi vector 

fragments (13.838 kb for the 35S:16D10-1 vector, 14.295 kb for the 35S:16D10-2 vector) 

were isolated using gel electrophoresis and gel purification (QIAquick Gel Extraction Kit 

from Qiagen).  The GUS spacer fragment was then added to the two 16D10RNAi vectors 

using the T4 DNA ligase kit (Invitrogen). To add the GUS spacer to GFPRNAi vector, the 

KpnI and HindIII restriction sites were introduced using primers designed to amplify the 

GUS spacer with the added restriction sites (KpnI GUS For: 5’- 

AAAAAAGGTACCATCTACCCGCTTCGCGTCGGC-3’ and HindIII GUS Rev: 5’- 

AAAAAAAAGCTTCGAGTGAAGATCCCTTTCTTGTTACC-3’). The amplified GUS 

spacer was then digested with KpnI and HindIII.  The resulting fragment (928 bp) was 

isolated using gel electrophoresis and gel extraction. A KpnI and HindIII restriction digest 
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was used to remove the PDK intron from the GFPRNAi vector.  The remaining GFPRNAi 

vector fragment (15.393kb) was isolated using gel electrophoresis and gel purification 

(QIAquick Gel Extraction Kit from Qiagen).  The GUS spacer fragment was then added to 

the GFPRNAi vector using the T4 DNA ligase kit (Invitrogen).  

Each construct was transformed into chemically competent E. coli in order to 

replicate the constructs.  Plasmid DNA extraction using the Zyppy Plasmid Miniprep Kit 

(Zymo Research) was used to extract the plasmid DNA.  All twelve constructs were DNA 

sequenced to confirm the successful assembly of the construct and to ensure that no 

mutations were present.  The constructs were then transformed into both ElectroMAX
TM

 

Agrobacterium tumefaciens LBA4404 (Invitrogen) and electrocompetent Agrobacterium 

tumefaciens strain GV 3101 using electroporation (2.0kV, 200Ω, 25µF). 

Arabidopsis thaliana Transformation and DNA Extraction 

Arabidopsis thaliana Col-0 plants were grown in the greenhouse until flowering, and 

preformed siliques were excised immediately prior to the first floral dip. Transformation of 

the twelve vectors into Arabidopsis was performed using the floral dip method described by 

Clough and Bent (1998), was repeated after 3-5 days, and repeated for a third dip after 

another 3-5 days.  Plants were allowed to continue growing for another 3-5 weeks until T0 

seeds were ready for collection. Collected Arabidopsis seeds were sterilized using 10% 

bleach for 4 min followed by 70% ethanol for 1 min, and finished with 4 washes with sterile 

deionized water. After surface-sterilization the seeds were plated on MS medium with 

50mg/L kanamycin for selection.  Surviving seedlings were transferred to soil and grown in 
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the greenhouse until the leaves were at least 1 cm in length at which point an approximately 

100mg sample was taken and DNA was extracted using DNA extraction buffer with SDS 

(Dellaporta et al., 1983).  The transgenic Arabidopsis thaliana plants were then allowed to 

continue growing in the greenhouse and allowed to self-fertilize.  The T1 seeds were 

collected, and segregation analysis using kanamycin selection is currently underway in order 

to identify homozygous transgenic plant lines. 

PCR Confirmation of the Presence of the Insert 

DNA extracted from each line was tested for the presence of the complete new 

16D10RNAi insert using PCR (Figure 23).  Both the front (from the 35S promoter to the 

PDK intron) and the back (from the PDK intron through the OCS terminator) of the RNAi 

constructs were PCR amplified using the primers listed in Figure 23, and only the lines with 

PCR fragments of the right size from both the front and back of the construct were 

considered to be positive for the presence of construct. 

 

Results 

 All twelve constructs (Figure 23) were successfully assembled and sequenced to 

confirm correct construction.  The constructs were then cloned into Agrobacterium 

tumefaciens LBA4404 and floral dips of Arabidopsis thaliana Col-0 were performed.  

Unfortunately after several repeated transformation attempts only one of the transformation 

attempts for one of the constructs, 35S:16D10-2:GUS, was successful.  This attempt resulted 

in 11 lines of Arabidopsis that survived kanamycin selection; PCR confirmation of these 
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lines has not yet been performed.  Since transformation of Arabidopsis with the LBA 4404 

strain had not proved effective, the constructs were all transformed into another strain of 

agrobacteria that has been shown to efficiently transform Arabidopsis with floral dip, 

GV3101, (Hamamouch et al., 2012).  This strain resulted in successful transformation of all 

12 constructs.  For 35S:16D10-1:PDK, 13 lines were selected using kanamycin resistance, 

and the presence of the complete construct has been confirmed by PCR for 10 of those lines 

(Figure 24).   For 35S:16D10-2:PDK, 3 lines were selected using kanamycin resistance; the 

presence of the complete construct has not yet been tested.   For 35S:GFPRNAi:PDK, 12 

lines were selected using kanamycin resistance; the presence of the complete construct has 

been confirmed for 6 of those lines (Figure 25). For 35S:16D10-1:GUS, 1 line was selected 

using kanamycin resistance, and the presence of the complete construct has been confirmed 

(Figure 26).   For 35S:16D10-2:GUS, 12 lines were selected using kanamycin resistance; the 

presence of the complete construct has been confirmed for 2 lines (Figure 27).   For 

35S:GFPRNAi:GUS, more than 100 lines were selected using kanamycin resistance; the 

presence of the complete construct has been confirmed for 5 lines (Figure 28). For 

Ntcel7:16D10-1:PDK, 11 lines were selected using kanamycin resistance, and the presence 

of the complete construct has been confirmed for all 11 lines, although the PCR results did 

show only faint bands for line 20 (Figure 29).   For Ntcel7:16D10-2:PDK, 2 lines were 

selected using kanamycin resistance; the presence of the complete construct has not yet been 

tested.   For Ntcel7:GFPRNAi:PDK, 4 lines were selected using kanamycin resistance; the 

presence of the complete construct has not yet been tested. For Gmubi:16D10-1:PDK, 6 lines 

were selected using kanamycin resistance, and the presence of the complete construct has 
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been confirmed for 2 of those lines (Figure 30).   For Gmubi:16D10-2:PDK, 3 lines were 

selected using kanamycin resistance and the presence of the complete construct in all 3 lines 

was confirmed by PCR (Figure 31).   For Gmubi:GFPRNAi:PDK, 7 lines were selected using 

kanamycin resistance; the presence of the complete construct has been confirmed by PCR for 

3 of those lines (Figure 32).  The complete list of the number of lines for each construct and 

the number of lines with PCR confirmation is shown in Table 5. 

 

Discussion 

 In an attempt to improve 16D10RNAi expression in plants, the 35S promoter and 

PDK intron of the original construct (Huang et al., 2006b) were replaced by either the 

constitutive Gmubi (Chiera et al., 2007) or nematode-inducible Ntcel7 (Wang et el., 2007) 

promoter and a GUS spacer intron (Li et al., 2010) in a factorial design. Construction of all 

twelve new 16D10RNAi constructs and transformation into Arabidopsis thaliana via floral 

dip were successful.  While several lines from most of the constructs (Table 5) have been 

confirmed to be successful transformants via PCR (Figures 24-32), confirmation of 

transformed lines from 3 of the constructs (35S:16D10-2:PDK, Ntcel7:16D10-2:PDK, and 

Ntcel7:16D10-2:PDK) has yet to be achieved.  At least five confirmed transformed lines 

need to be obtained from each construct to test the efficacy of the new constructs, and to date 

only four constructs have at least five lines confirmed by PCR (Figure 33).  Work is currently 

underway to extract DNA from those lines that have not yet been checked for the presence of 

the construct by PCR.  More seeds are also being screened in an effort to find more 
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transformants from all of the 16D10RNAi constructs that do not yet have five transformed 

lines.   

The next step in this research will be to obtain homozygous lines of transformed 

Arabidopsis through self-pollination and selection.  Once homozygousity is achieved for all 

12 constructs, root-knot nematode infection assays and siRNA analysis (see Chapter 1) will 

be performed to determine the levels of siRNA expression for each construct and to 

determine which constructs are the most efficient at achieving nematode resistance through 

silencing.  Once the constructs yielding the greatest resistance have been determined, they 

can be used to transform crops such as tobacco (see Chapter 1).  Also, if these constructs 

increase the resistance conferred by the 16D10RNAi, they made be used for RNAi against 

other nematode parasitism genes.  One potential target is 8D05, another root-knot nematode 

parasitism gene discovered by Huang et al. (2003).  RNAi against this gene using the 

pHANNIBAL vector (Wesley et al., 2001) has recently been shown to result in root-knot 

nematode infection reductions of 73-90% (Xue et al., 2013) in Arabidopsis.  The potential to 

develop a more efficient vector to express RNAi targeted to selected nematode genes can 

provide a means to improve and accelerate development of novel nematode-resistance in 

desired crop cultivars. 
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Table 5. Arabidopsis thaliana lines produced. Number of lines of each construct found to be resistant to 

kanamycin and number of lines confirmed by PCR to contain the construct are shown. 

 

Construct Lines resistant to 

kanamycin 

Lines with the full 

construct confirmed 

35S:16D10-1:PDK 13 10 

35S:16D10-2:PDK 5 0 

35S:GFPRNAi:PDK 28 6 

35S:16D10-1:GUS 1 1 

35S:16D10-2:GUS 13 2 

35S:GFPRNAi:GUS >100 5 

Ntcel7:16D10-1:PDK 23 11 

Ntcel7:16D10-2:PDK 0 0 

Ntcel7:GFPRNAi:PDK 4 0 

Gmubi:16D10-1:PDK 6 2 

Gmubi:16D10-2:PDK 3 3 

Gmubi:GFPRNAi:PDK 7 3 
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Figure 21.   Design of the transgene used for RNAi against the 16D10 gene, as designed by Huang et al. 

(2006, PNAS).  A. The design for the 16D10-RNAi construct used for RNA interference against the 

Meloidogyne incognita 16D10 gene.  B. The 42bp sense and antisense sequences used in the 16D10-RNAi-I 

construct.  C. The 271bp sense and antisense sequences used in the 16D10-RNAi-II construct. 
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Figure 22. Design for creation of the new RNAi vectors. The SacI and XhoI restriction enzymes as shown 

were used to swap the 35S promoter for either the Ntcel7 or Gmubi promoter.  The KpnI and ClaI enzymes 

were used to swap the PDK intron with the GUS spacer in the 16D10RNAi constructs while the KpnI and 

HindIII enzymes were used to swap the PDK intron with the GUS spacer in the GFPRNAi construct.  
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Figure 23. PCR design and primers used to confirm the presence of the construct. To confirm the 

successful insertion of the construct the PCR primers shown in the above figure were used to amplify both the 

front and back halves of each construct.  The approximate binding position and direction is denoted with 

arrows. The PCR primer sequences are also shown at the bottom of the figure. 
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Figure 24. PCR amplification of the 35S:16D10-1:PDK construct. A. PCR of the first half of the construct, 

expected to be 371 bp using primers End35SFor and BeginPDKRev. B. PCR of the second half of the construct, 

expected to be 513 bp using primers EndPDKFor and midOCSRev. 
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Figure 25. PCR amplification of the 35S:GFPRNAi:PDK construct. A. PCR of the first half of the 

construct, expected to be 1122 bp using primers End35SFor and BeginPDKRev. B. PCR of the second half of 

the construct, expected to be 1323 bp using primers EndPDKFor and midOCSRev 
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Figure 26. PCR amplification of the 35S:16D10-1:GUS construct. A. PCR of the first half of the construct, 

expected to be 464 bp using primers End35SFor and BeginGUSRev. B. PCR of the second half of the construct, 

expected to be 625 bp using primers EndGUSFor and midOCSRev. 

 

 

 

Figure 27. PCR amplification of the 35S:16D10-2:GUS PCR construct. A. PCR of the first half of the 

construct, expected to be 692 bp using primers End35SFor and BeginGUSRev. B. PCR of the second half of the 

construct, expected to be 854 bp using primers EndGUSFor and midOCSRev. 
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Figure 28. PCR amplification of the 35S:GFPRNAi:GUS construct. A. PCR of the first half of the construct, 

expected to be 1214 bp using primers End35SFor and BeginGUSRev. B. PCR of the second half of the 

construct, expected to be 1429 bp using primers EndGUSFor and midOCSRev. 

 

 

 

 

Figure 29. PCR amplification of the Ntcel7:16D10-1:PDK construct. A. PCR of the first half of the 

construct, expected to be 368 bp using primers EndNtcel7For and BeginPDKRev. B. PCR of the second half of 

the construct, expected to be 513 bp using primers EndPDKFor and midOCSRev. 

 

 

 



 

123 

 

Figure 30. PCR amplification of the Gmubi:16D10-1:PDK construct. A. PCR of the first half of the 

construct, expected to be 383 bp using primers EndGmubiFor and BeginPDKRev. B. PCR of the second half of 

the construct, expected to be 513 bp using primers EndPDKFor and midOCSRev. 

 

 

 

Figure 31. PCR amplification of the Gmubi:16D10-2:PDK construct. A. PCR of the first half of the 

construct, expected to be 611 bp using primers EndGmubiFor and BeginPDKRev. B. PCR of the second half of 

the construct, expected to be 742 bp using primers EndPDKFor and midOCSRev. 
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Figure 32. PCR amplification of the Gmubi:GFPRNAi:PDK construct. A. PCR of the first half of the 

construct, expected to be 1134 bp using primers EndGmubiFor and BeginPDKRev. B. PCR of the second half 

of the construct, expected to be 1323 bp using primers EndPDKFor and midOCSRev. 
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STRAWBERRY TRANSFORMATION WITH 16D10RNAi CONSTRUCTS 

 

Abstract 

Root-knot nematodes are sedentary plant parasitic nematodes that infect a wide range 

of crop species, including strawberry, and are members of the genus Meloidogyne. 

Meloidogyne hapla, the Northern root-knot nematode, is the most economically damaging 

root-knot nematode species to infect strawberry. Root-knot nematodes infect near the root tip 

and migrate to the root vascular bundles where they transform selected vascular parenchyma 

cells into a feeding site composed of large multinucleate plant cells, or giant-cells. Root-knot 

nematodes modify these cells by secreting effector proteins from their esophageal gland cells 

into the plant cells.  One novel secreted effector, 16D10, was identified by Huang et al., and 

overexpression of 16D10 in Arabidopsis thaliana resulted in transgenic plants with 

significantly increased root lengths due to increased root cell division.  When RNAi 

constructs targeting the 16D10 gene were expressed in Arabidopsis thaliana, the transgenic 

plants were shown to have significantly fewer galls and nematode eggs.  The objective of this 

research was to transform the strawberry cultivar Chandler with Huang et al.’s 16D10 

constructs in an effort to create transgenic strawberries with resistance to root-knot 

nematode.  While several researchers have successfully transformed strawberries, strawberry 

transformation of greenhouse-grown tissue is difficult.  The research described here 

addresses some of the challenges with producing transgenic strawberries, including explant 

browning due to production of phenols in tissue culture. 

 



 

126 

Introduction 

Root-knot nematodes are economically important plant parasitic nematodes, with 

estimates of annual worldwide crop losses at 10 billion dollars (Chitwood, 2003).  These 

microscopic roundworms are members of the genus Meloidogyne, and have wide host ranges, 

parasitizing more than 2,000 plant species, including strawberry (Sasser, 1980). There are 

more than 70 described species of Meloidogyne, and the most economically damaging 

species to strawberry is Meloidogyne hapla, the Northern root-knot nematode (Goheen and 

Bailey, 1955, LaMondia, 1999).  Koenning et al. (1999) estimated that Louisiana strawberry 

growers lost around 7.2 million dollars in 1994 due to infections by M. hapla and other plant 

nematodes, particularly Pratylenchus spp.   

The life cycle of the root-knot nematode begins with the hatching of second-stage 

juveniles (J2) from eggs (Literature Review, Figure 1).  These second-stage juveniles 

penetrate roots and move intercellularly to the root vascular bundles where they transform 

selected vascular parenchyma cells into a complex feeding site to sustain the subsequent 

sedentary parasitic stages of the nematode to reproductive maturity.  These feeding sites are 

composed of several giant-cells, large multinucleate hypertrophic plant cells that arise from 

karyokinesis without cytokinesis and have been modified by nematode secreted proteins 

(Davis et al., 2004; Huang, 1985; Hussey, 1985).  Galls are formed on the roots as localized 

hyperplasia of the cells surrounding the giant-cells occurs. The root-knot nematode infection 

sites serve as nutrient sinks that can cause plant stunting, wilting, and reduced yields, and that 

can predispose the roots to secondary infections.  Root-knot nematodes penetrate the cell 

wall with their stylet (hollow oral spear) and secrete effector proteins from their esophageal 
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gland cells into the plant cell (Bird and Saurer, 1967; Bird, 1968; Sundermann and Hussey, 

1988). These secreted effector proteins are thought to be involved in giant cell formation 

(Hussey, 1989; Davis et al., 2004).  

In order to identify the parasitism genes (Davis et al., 2000) that encode the effector 

proteins secreted by root-knot nematodes, Huang et al. (2003) microaspirated the gland cells 

of 10 different stages of root-knot nematode and created gland cell cDNA libraries.  After 

EST analysis, 37 putative parasitism genes that were uniquely expressed in the gland cells 

and contained signal peptides for secretion as determined by SignalP analyses (Nielsen et al., 

1997) were identified. One of these parasitism genes, 16D10, was expressed specifically 

within the subventral gland cells of infective J2 and subsequent parasitic stages (Huang et al., 

2003).  The 16D10 gene (GenBank accession no. AY134435) encoded a small peptide, 13aa 

in length, less than half the size of its secretion signal peptide (30 aa), and the peptide had no 

significant database homolog.  16D10 was found to be conserved in all four major species of 

root-knot nematode (Huang et al., 2006a), but absent from two species of other nematode 

genera, Heterodera glycines and Caenorhabditis elegans, using a southern blot. The 16D10 

gene was also not detected in Nicotiana tabacum or Arabidopsis thaliana (Huang et al., 

2006a).  To analyze the function, Huang et al. (2006a) overexpressed the 16D10 protein in 

Arabidopsis thaliana, and the resulting transgenic plants had significantly increased root 

lengths due to increased root cell division.  Yeast-two-hybrid assays (Huang et al., 2006a) 

demonstrated that 16D10 interacts with the SAW domain of plant SCARECROW-like 

transcription factors (Di Laurenzio et al., 1996).  This led to the conclusion that the 16D10 
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gene might function as a regulator of feeding cell differentiation via the SCL pathway 

(Huang et al., 2006a). 

In order to test the importance of 16D10 in giant-cell formation, Huang et al. (2006b) 

used RNA interference (RNAi) to knock down root-knot nematode 16D10 gene expression 

by delivering the siRNA using a host plant.  Arabidopsis thaliana plants were stably 

transformed with one of two different 16D10 dsRNA hairpin constructs, which were made 

using the pHANNIBAL vector (Wesley et al., 2001). This vector uses the CaMV 35S 

promoter and the PDK intron as a spacer between the sense and antisense coding sequences 

of the target gene (16D10) hairpin double-stranded RNA (dsRNA). Each vector was 

modified to contain either 42bp or 271 bp of 16D10 sense coding sequence as well as the 

corresponding antisense 16D10 sequence. Root-knot nematode infection assays of 

Arabidopsis plants transformed with the pHANNIBAL:: 16D10RNAi constructs were shown 

to have significantly fewer galls (63-90% reduction) and eggs (69-93% reduction) than 

Arabidopsis transformed with an empty vector control (Huang et al., 2006b). 

As stated previously, Meloidogyne sp. are capable of parasitizing strawberries and 

cause significant losses to farmers. In the past methyl bromide was commonly used on 

strawberries to control nematodes and other pathogens (Thomas, 1996).  The discovery of the 

role of methyl bromide in ozone depletion and the discovery of similar environmental issues 

with other pesticides have led to restrictions in nematicide use.  While natural sources of 

resistance to M. hapla are available in strawberry (Pinkerton and Finn, 2005), alternative 

methods of obtaining resistance to root-knot nematodes are useful considering the ability of 

pathogens including root-knot nematode species to overcome resistance genes (Pinkerton and 
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Finn, 2005; Castagnone-Sereno, 2002). A new control method is the delivery of RNAi 

targeted to nematode genes by host plants in order to create resistance in the host. 

Unfortunately while several researchers have successfully transformed strawberries, 

strawberry transformation of greenhouse- grown tissue is still quite difficult (Folta and 

Dhingra, 2006; Barcelo et al., 1998). The research detailed below addresses some of the 

challenges with producing transgenic strawberries expressing the 16D10RNAi constructs 

created by Huang et al. (2006b). 

 

Materials and Methods 

Tissue Source and Tissue Sterilization 

Leaf tissue of Fragaria X ananassa 'Chandler' was obtained from the North Carolina 

State University Micropropagation and Repository Unit.  The leaf tissue was taken from 

virus-free plants grown in the greenhouse.  Whole leaves were surface sterilized by 

submersion in 70% ethanol for 1 minute followed by submersion in 20% bleach for 8 

minutes.  Tissue was then rinsed with sterilized water three times and leaf disks were created 

by cutting the tissue into squares of approximately 5mm x 5mm with sterile scissors. 

RNAi Vectors  

The two 16D10-RNAi vectors used by Huang et al. (2006b) were obtained from Dr. 

Richard Hussey at the University of Georgia and contained the pHANNIBAL:16D10RNAi-1 

and  pHANNIBAL:16D10RNAi-2 constructs, both in the pART27 binary vector (Gleave, 
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1992).  These vectors were both transformed into ElectroMAX
TM

 Agrobacterium 

tumefaciens LBA4404 (Invitrogen) using electroporation (2.0kV, 200Ω, 25µF). 

Preparation of Agrobacteria 

Agrobacterium tumefaciens was grown in 50ml of LB spectinomycin 100mg/L, 

gentamycin 50mg/L broth for 16-20 hours at 28°C while shaking at 225rpm.  Cultures were 

transferred to sterile 50ml centrifuge tubes and centrifuged at 3000rpm for 30 minutes.  

Pellets were re-suspended in 25mL of MS basal medium and grown for 2 hours at 28°C 

while shaking at 225rpm.  Cultures were then either diluted or concentrated with MS basal 

medium to obtain an optical density 600nm reading of 0.8-1.0 (4 x10
8
-5x10

8 
cells/ml).  

Strawberry Transformation Method 1 

Transformation of the leaf disks was performed following the protocol used by 

Barcelo et al. (1998), with the main change being the use of leaf disks directly from virus-

free greenhouse- grown leaf tissue, and the use of timentin to kill the agrobacteria instead of 

carbenicillin. Sterile leaf disks to be transformed were submerged in the cultures of 

Agrobacterium tumefaciens in the MS basal medium while wild-type controls were 

submerged in approximately 50 ml of MS basal medium with no agrobacteria.  Leaf tissue 

was incubated in a solution of Agrobacterium with gentle rotation for 20 minutes, then 

drained and plated on strawberry regeneration medium (Barcelo et al., 1998).  Strawberry 

tissue was allowed to co-cultivate with Agrobacterium for 3 days in the dark at 25°C, and the 

tissue was then transferred to strawberry selection medium (same as strawberry regeneration 

medium except with the addition of 50mg/ml kanamycin and 300mg/ml timentin) and placed 
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in the dark at 25°C for an additional 11 days. As a positive control 2 plates of wild-type 

tissue and 1 plate of transformed tissue were plated on fresh strawberry regeneration medium 

instead of selection medium, and were also placed back in the dark at 25°C for another 11 

days.  Plates of tissue were then moved to a lighted growth chamber at 25°C to await callus 

tissue growth.   

Strawberry Transformation Method 2 

The second method was performed exactly as the first except that, prior to 

transformation, sterile leaf disks were rinsed with MS basal medium 3 times, then 

transformed as before. 

Strawberry Transformation Method 3 

Strawberry tissue was transformed as in method 2 except that after transformation the 

tissue was re-plated on new medium every day for at least 2 weeks. During the daily phase of 

incubation in the dark the tissue was re-plated on strawberry transformation medium; after it 

was moved to the growth chamber it was re-plated on strawberry selection medium.  

Strawberry Transformation Method 4 

Strawberry tissue was transformed as in method 2 except that after co-cultivation the 

leaf disks were plated on strawberry transformation medium with 5g/L activated charcoal 

added, then transferred to strawberry selection medium with 5g/L activated charcoal. 
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Strawberry Transformation Method 5 

Strawberry tissue was transformed and handled as in method 4 except that after one week on 

the activated charcoal selection medium they were re-plated on strawberry selection medium 

without activated charcoal. 

 

Results 

After 3 to 5 days all strawberry tissue transformed with method 1 turned brown and 

died.  This included the positive controls that were never exposed to antibiotic selection.  It 

was noted that during the co-cultivation step the originally clear MS basal medium had 

turned dark purple by the end of the 20 minute incubation (Figure 33A).  This result, 

combined the characteristic explant browning of the tissue after plating (Huang et al., 2002; 

Murata et al., 2001), indicated a high release of phenolic compounds from the strawberry 

tissue as a response to the injury from the process of sterilizing and cutting the leaf tissue.  It 

was also noted that after the 3 days in the dark, a dark purple ring was clearly visible in the 

medium around each explant where the phenols had been released into the medium.  Since 

high levels of phenols were likely responsible for the death of the explants, method 2 was 

devised, in which the tissue was rinsed with MS basal medium 3 times in order to decrease 

the concentration of phenols during the co-cultivation step.  This did result in the MS basal 

medium remaining clear instead of turning purple (Figure 33B), and increased the strawberry 

leaf disk survival by a few days, but the purple phenolic ring in the medium around the 

explants during the recovery step was still visible and none of the explants (again including 

the positive controls) survived past 14 days, and none produced callus tissue.  The next 
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change in the protocol was to re-plate the explants onto fresh medium daily, in an effort to 

reduce their exposure to the phenols they released into the medium.  Frequent subculturing is 

known to help reduce phenolic oxidation and improve tissue regeneration (Ozyigit, 2007). 

Method 3 increased survival by several days but was time consuming and again the tissue did 

not survive to produce callus.  Method 4 was devised and activated charcoal was added to the 

strawberry transformation medium, since activated charcoal is known to absorb phenols 

(Thomas, 2008).  This method resulted in the greatest survival rate (Figure 34). After 3 

weeks tissue from the positive controls as well as some of the tissue that had been 

transformed and plated on selection medium was alive, while the wild-type tissue plated on 

selection medium without activated charcoal (the negative control) had all died (as in 

methods 1 to 3 above).  Unfortunately, little callus tissue ever formed (Figure 34) on the 

surviving leaf tissue using method 4. Since activated charcoal is capable of absorbing plant 

hormones and nutrients (Thomas, 2008; Nguyen et al., 2007; Huong et al., 1999) it was 

determined that the charcoal might be impeding the induction of callus tissue formation. 

Method 5 was then devised, which was exactly like method 4 except the surviving strawberry 

tissue was transferred to selection medium without charcoal after one week with charcoal.  

This method resulted in greater production of callus tissue in some of the positive controls 

and some of the transformants on selection medium, but the callus remained small and no 

shoots regenerated from the callus. 
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Discussion 

Strawberry plants are known to secrete phenolic compounds in response to injury, 

and this secretion of phenolics can cause problems for tissue culture systems (Thomas, 

2008). Barcelo et al. (1998) successfully combated this problem by including an incubation 

in the dark after transformation.  While the same period in the dark was used in this 

experiment, phenolic expression was still high and resulted in the death of the strawberry 

tissue used in this experiment after 3 to 5 days, meaning that some of the tissue did not even 

survive to be transferred to selection medium. Also all of the positive controls that were 

never plated on selection medium all died as well, indicating the phenolic compounds were 

likely responsible for the tissue death instead of the antibiotics in the selection medium.  The 

main change between the Barcelo et al. (1998) method and the method used in this 

experiment was the use of leaf tissue taken directly from greenhouse plants instead of in 

vitro-grown tissue.  Since the greenhouse is a more stress-inducing environment than a tissue 

culture system, most likely plants grown in the greenhouse would produce a higher 

concentration of phenolic compounds than those grown in tissue culture (Folta and Dhingra, 

2007).  Unfortunately there was not sufficient in vitro-grown tissue available for use in this 

experiment.  For this reason alterations were made to the method of transformation in order 

to reduce the phenolic compounds.  The first alteration was adding a washing step after tissue 

sterilization and leaf cutting but before the incubation with Agrobacterium.  The hypothesis 

was that rinsing after injury would remove the highest concentrations of phenols and allow 

the strawberry tissue to survive the transformation process.  Also, a previous study by 

Oosumi et al. (2006) utilized a similar washing step after sterilization and was able to 



 

135 

produce transgenic strawberries. The washing step did reduce the exposure of the tissue to 

the initial high expression of phenolic compounds, as can be seen from the loss of purple 

color from the liquid MS basal medium at the end of the incubation with Agrobacterium 

(Figure 33).  Also this change did result in greater survival of the tissue, which had 

previously died after 3 to 5 days.  After the addition of the washing step most of the tissue 

survived the first week but died after 14 days.   Since the washing step was an improvement 

it was kept as part of the protocol for all subsequent transformation methods.  The next 

change in the protocol was an attempt to target the phenolic compounds that were released by 

the strawberry tissue into the strawberry regeneration medium, resulting in the dark purple 

ring in the medium surrounding the explants.  Since a washing step had resulted in an 

increase in survival it was speculated that the washing step along with daily tissue transfers 

to fresh medium would sufficiently reduce the tissue’s exposure to the phenolic compounds 

and allow the tissue to survive.  This method again resulted in a longer survival period and 

most of tissue from the positive controls and some transformed tissue plated on selection 

medium survived 14 days. Also the ring of phenolic compounds around the explants was 

much lighter, although it was still present even after a week of daily re-plating.  While this 

method was an improvement over the previous protocols, it was time consuming and all of 

the tissue still died before the end of 3 weeks. 

Previous studies involving tissue culture of many different species of plants, 

including strawberry, have had similar problems with phenolic compounds. One way to 

combat this problem is the use of activated charcoal (Thomas, 2008; Jemmali et al., 2002).  

The concentration of activated charcoal used in tissue culture medium varies greatly among 
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studies, ranging from 0.01 to 5g/L (Thomas, 2008).  For this study a concentration of 5g/L 

was used to test if a high concentration of activated charcoal would be sufficient to absorb 

the phenols and protect the strawberry tissue (Figure 34A).  While this concentration was 

effective for phenol absorption, it also resulted in little callus tissue formation (Figure 34B & 

C).  Previous studies have shown that activated charcoal will also absorb the nutrients and 

phytohormones in the tissue culture medium that the plant tissue needs to produce callus 

(Nguyen et al., 2007; Huong et al., 1999).  In order to fix this problem the surviving 

strawberry tissue was transferred to selection medium without the charcoal after one week on 

the strawberry selection medium with charcoal.  The rationale behind this alteration was that 

one week would be long enough for the strawberry tissue to recover from the sterilization 

and transformation and the strawberry tissue would stop producing phenols.  Once phenol 

production ceased the tissue could be transferred to selection medium without the charcoal 

which would have the right hormone and nutrient concentration for callus tissue formation.  

While this method did result in the greater production of callus tissue, no shoots ever formed 

from the callus.  

There are several changes that could be made to the protocol that might allow for the 

successful production of strawberry callus tissue.  The first is altering the concentration of 

activated charcoal used in the regeneration/selection medium.  While a concentration of 5g/L 

was successfully used to produce bulblets in garlic, Allium sativum (Mohamed-Yasseen et 

al., 1993), Nguyen et al. (2007) found that, in sorghum, as the concentration of activated 

charcoal increased the amount of callus produced by transformed tissue decreased.  In the 

study of Nguyen et al. (2007), concentrations of 1, 2, 3, 4, and 5g/L of activated charcoal 
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were used, all of which increased explant survival, from 30% in the absence of activated 

charcoal to 80% for the concentrations tested.  However callus formation on the surviving 

tissue was reduced from around 91% for the control to only 66% for the 1g/L concentration 

and only 35, 13, 14, and 5% for the 2, 3, 4, and 5g/L concentrations respectively (Nguyen et 

al., 2007).  Also a previous study by Jemmali et al., (2002) successfully rooted strawberry in 

0.5g/L activated charcoal. Based on the data from these studies it is clear that a lower 

concentration of activated charcoal should be tested to see if a concentration that results in 

tissue survival and callus formation can be achieved.  Another possible change to the 

medium would be to increase the concentration of plant hormones and nutrients so that more 

would be available to the tissue.  A study by Ebert and Taylor (1990) showed that increasing 

the concentration of 2, 4-dichlorophenoxyacetic acid along with reducing the activated 

charcoal concentration increased the levels of 2, 4-dichlorophenoxyacetic acid available for 

the tissue. A later study showed the similar results with 6-benzyl aminopurine (Ebert et al., 

1993). Determining the best concentrations of activated charcoal as well as the concentration 

of the hormones and nutrients to produce transformed strawberry regenerate plants from 

greenhouse tissue would require considerable empirical testing.  

Another solution may be to use in vitro-grown tissue instead of greenhouse tissue.  

While sufficient in vitro-grown tissue was not available for this study, many other 

researchers have successfully used in vitro-grown tissue as a tissue source for transformation 

(Folta and Dhingra, 2006). Several of experiments have used leaf tissue from plants already 

in tissue culture, and this method has resulted in successful transformants (Folta and Dhingra, 

2006). This research was unsuccessful in its attempt to transform and regenerate strawberry, 
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but there are many possible solutions to this problem.  Once a more robust strawberry 

transformation and regeneration system is developed, producing transgenic strawberry with 

desired traits such as RNAi-based resistance to root-knot nematodes may be achieved. 
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Figure 33. Production of phenols by strawberry tissue in basal MS medium. A. Basal MS medium after the 

20 min incubation with agrobacteria without the added wash step. B. Basal MS medium after the 20 min 

incubation with agrobacteria after the addition of the wash step. 
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Figure 34. Growth of strawberry tissue after the addition of charcoal to the regeneration and selection 

medium. A. Strawberry tissue immediately following the incubation in the dark.  B. Strawberry tissue after 3 

weeks in the lighted chamber on strawberry selection medium. C. Close up of the callus shown in B. 


