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This thesis has investigated various aspects of the RNA interference (RNAi) mechanism in 

two economically important plant parasitic nematodes (PRNs), the potato cyst nematode 

Globodera pallida and the root knot nematode Meloidogyne incognita. Much of the work 

contributing to this project has advanced our understanding of RNAi in these nematodes, 

and may also have broader implications for other parasitic nematode species. Although 

RNAi has been used widely to probe gene function in PRNs, this current body of work 

highlights a number of serious and potential issues which should be considered in future 

experimental designs.

Taken together, the data presented in this thesis: reveal that nematode parasites are 

broadly similar with respect to RNAi pathway complements; identify the off target impact of 

long dsRNAs in PPNs; identify the utility of siRNAs as triggers for gene silencing in PPNs; 

identify the first lethal siRNAs in any parasitic nematode; associate development processes 

in nematode parasites with non-coding RNAs; include the development of bioassays to 

delineate the phenotypic impacts of RNAi; identify a neuropeptide involved in host finding 

behaviour in a parasitic worm; reveal that siRNA and PCR amplicon positioning are key 

elements in the detection of a robust RNAi response; and, expose the potential for 

secondary siRNA and RNAi-pathway inhibitor involvement in RNAi responses in PPNs. 

These datasets combine to provide a significant advance in our understanding of gene 

silencing processes in PPNs and underscore the potential of PPNs as models for gene 

function studies in nematode parasites.
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Chapter 1: General Introduction

1.1. PHYLUM NEMATODA

The phylum Nematoda comprises the most abundant of all metazoans 

(Lambshead, 2004). . Nematodes exploit multifarious ecological niches, and 

include free-living terrestrial and marine microbivores, herbivores, meiofaunal 

predators, and parasites of both plant and animal (Bik et al., 2010).

Reproductively, nematodes are mostly dioecious, however monoecious species 

are known, and parthenogenesis also exists. In the case of some dioecious plant 

parasitic species, sex determination is epigenetically coupled to nutrient availability 

(Triantaphyllou and Hirschmann, 1973; Williamson and Hussey, 1996; Pires- 

daSilva, 2007), and thus in low nutrient environments (e.g. an unhealthy or over- 

populated host), more males are formed, which then migrate out of the plant tissue 

and into the surrounding soil. Furthermore, some species of plant parasitic 

nematode (e.g. Globodera pallida) have adapted such that they may remain latent 

within the soil for 20-30 years in the absence of a suitable host crop (Marks and 

Brodie, 1998), thus increasing the chances of long term proliferation. In a 

functionally comparable, yet mechanistically distinct process, the free-living 

bacteriovore Caenorhabditis elegans may enter a non-feeding dauer stage on 

moulting from the second stage larva (L2) when under unfavourable conditions, 

thereby promoting long-term survival (Fielenbach and Antebi, 2008). In addition, C. 

elegans can communicate at the population level through a quorum sensing-like 

mechanism, which serves to regulate the ratio of individuals reverting to dauer form, 

and it has been suggested that similar mechanisms of population level 

communication may occur in parasitic species (Berg and Taylor, 2009). As 

poikilotherms, nematode activity is determined largely by ambient temperature, 

therefore hatching and movement may be further limited to appropriate seasons, 

and this may coincide with the influence of other abiotic factors such as aeration, 

carbon dioxide partial pressure and environmental moisture (Bundy and Cooper, 

1989; Marks and Brodie, 1998).
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The reproductive capacity of some species is notably large, as a demonstrative 

example, female Ascaris suum (the porcine intestinal nematode) can produce up to 

2 million eggs per day (Kelly et al., 1958). As nematodes generally have a short 

active lifespan, and a high reproductive rate, they are capable of quickly adapting to 

changing environments at the population level, through natural selection.

Parasitic nematode species of man exert extensive morbidity and mortality on 

the host, increasingly so in developing countries, where the maintenance of clean 

drinking water and amenities remains broadly untenable in the context of 

contemporary socioeconomics (Kirkwood, 1998). Over one billion people worldwide 

are infected by soil-transmitted intestinal nematodes, including Ascaris lumbricoides, 

the whipnematode Trichuris trichiura, and the hooknematodes Necator americanus 

and Ancylostoma ceylanicum (WHO, 2008). A further billion people are infected 

with the filarial nematodes, Onchocerca volvulus - the causative agent of river 

blindness, and Brugia malayi and Wuchereha bancrofti which harbour Wolbachia 

spp., both nematode and bacterium together comprising the main etiological agent’s 

of elephantiasis (Yin et al., 2009). Nematode parasites of animals pose a significant 

threat to farming enterprise worldwide, and may reduce lean mass, quality and 

saleable value of meat. Infection of sheep with the gastrointestinal nematode 

Haemonchus contortus frequently leads to chronic anaemia through blood loss, 

anorexia, depression, decline, and eventual death of the host. With its wide 

distribution, tropical, subtropical and temperate areas are all affected (Miller and 

Horohov, 2006). In addition, those nematodes which parasitise plants impose a 

significant economic burden on agriculture, horticulture, forestry and amenity sectors 

worldwide. Current best estimates predict combined losses due to phytoparasitic 

species in the region of $US 125 billion annually (Bird and Kaloshian, 2003; 

Chitwood, 2003).

The following amalgam addresses those areas of the literature pertinent to the 

work presented in this thesis.
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Chapter 1: General Introduction

1.2. NEMATODA: BODY PLAN, FUNCTION AND TAXONOMY

Nematodes are bilaterally symmetrical, vermiform, pseudocoelomates. They 

usually possess a complete digestive system, with a mouth at the extreme anterior, 

and an anus to the posterior. The lumen of the pharynx is characteristically 

triradiate, and the entire outer body is protected by an acellular, collagenous cuticle 

secreted by the underlying hypodermis, which is shed four times during the 

nematodes development from larva (or juvenile, by convention in the case of plant 

parasitic nematodes) to adult; with a few notable exceptions like some Strongyloides 

spp. which are unique in their ability to maintain homogonic, parasitic life styles, or 

to repeat free-living generations indefinitely depending on conditions. The 

nematode body wall musculature is distinguished in comprising only of longitudinal 

fibres, with no circular layer. The secretory-excretory system consists of lateral 

canals, ventral glands, and in some cases both, which open towards the anterior via 

a ventral excretory pore. No motile cilia or flagella are present, even in the male 

gamete, however, non-motile cilium form the sensory endings of a considerable 

number of dendritic processes exposed to the external environment. Respiratory 

and circulatory systems are lacking, with the fluid-filled pseudocoel taking on the 

function of a circulatory system. Most nematodes are dioecious and sexually 

dimorphic, with females generally larger. Some species are primarily 

hermaphroditic, others meiotically or mitotically parthenogenetic; most are 

oviparous, but some ovoviviparous. The female reproductive tract opens through a 

ventral vulva, and the males into a cloaca, along with the digestive tract. Adults are 

generally small, but vary in size from less than 1 mm in the case of the 

Caenorhabditids, to longer than 10 meters in the extreme case of Placentanema 

gigantisma (Roberts and Janovy, 2006).

Classically, nematodes were viewed as a minor phylum, with classification 

proving difficult because of broad structural similarities and the absence of a fossil 

record (Blok et al., 2008). However, this has changed radically in recent years as
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molecular phylogenetics place Nematoda with other moulting animals of the 

Ecdysozoan clade (Aguinaldo et al., 1997; de Rosa et al., 1999; Sommer, 2000). 

Further, three major nematode classes have been defined, subdivisible into five 

clades; the Dorylaima (Clade I), Enoplia (Clade II), and Chromadorea (which 

encompass the Spirurina - Clade III, Tylenchina - Clade IV, and Rhabditina - Clade 

V) (Blaxter et al., 1998; Blaxter, 1998; Mitreva et al., 2005). The model organism 

Caenorhabditis elegans is a member of Clade V.

1.3. THE NERVOUS SYSTEM

Whilst the nervous system in nematodes is relatively simple, it still represents 

their most complex organ. In Caenorhabditis elegans, the 302 neurons and 56 glial 

cells which constitute the nervous system, make up 37% of the somatic cells in a 

hermaphrodite (Hobert, 2005). Most of the nervous tissue is concentrated around 

the anterior oesophageal region and the posterior anal areas. The most prominent 

feature of the anterior nervous system is the nerve ring or circumpharyngeal 

commissure. As the name suggests, this anterior ring of nerve and supporting glial 

cells, serves as a commissure for lateral, dorsal and ventral cephalic ganglia, from 

which emanate longitudinal nerve cords moving both anteriorly towards the head 

region and amphidial sensilla, and posteriorly towards the rectal commissure and 

phasmids (Roberts and Janovy, 2006).

1.3.1 Amphids and phasmids

The amphids comprise the main chemosensory processes of a nematode, which 

open laterally on the head region through a cuticular pore-like opening. The 

dendrites which feed into the amphidial socket form either singular terminal cilial 

projections (ASE, ASG, ASH, ASI, ASJ, ASK), or paired cilia (ADF, ADL). Other 

amphidial processes may exhibit unusual terminal architecture, as is the case for the 

wing neurons (AWA, AWB, AWC) and the amphid finger neuron (AFD) (Inglis et al.,
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2007). The terminal cilia of these amphidial dendrites differ structurally from 

ordinary motile cilia. They possess no kinetosomes, and the microtubules usually 

do not follow the normal 9 + 2 format, but rather 9 + 4, 8+ 4, or 1 + 11 + 4 in some 

cases. In addition to the chemosensory role of the amphids in many nematodes, 

several species employ the amphids in roles of thermoreception and thermotaxis, 

and they display secretory and uptake roles in some species (Roberts and Janovy, 

2006). Phasmids are similar in structure to amphids, but open towards the posterior 

of the nematode.

1.3.2. Neurotransmitters

The structural simplicity of the nematode nervous system contrasts with an 

underlying chemical complexity. It is thought that this accounts for the behavioural 

miscellany in nematodes, which includes abilities such as chemotaxis, thermotaxis, 

mechanosensation, osmotic avoidance, oxygen sensing and associative learning 

(Brownlee and Fairweather, 1999; Husson et al., 2007b).

A range of chemical transmitters were originally identified through biochemical 

assay, cytochemical identification, and in the case of some neuropeptides, high- 

performance liquid chromatography (HPLC). In some cases, these 

neurotransmitters were also localised in vivo through formaldehyde- and glyoxylic 

acid-induced fluorescence, autoradiography, enzyme histochemistry, or 

immunocytochemistry (Brownlee and Fairweather, 1999).

Immunocytochemical studies of nematode neuropeptides from the late 1980’s 

onwards began to demonstrate a surprising level of neuropeptide abundance, 

diversity and conservation between species. Staining of FMRFamide-like peptides 

(FLPs) revealed that about 75% of Ascaris suum nerve cells were positively 

FLPergic (Brownlee et al., 1996).
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1.3.3. Biogenic amines

The biogenic amines (BA’s) dopamine (DA), octopamine (OA), serotonin (5-HT), 

and tyramine (TA) regulate many essential functions in nematodes, such as 

pharyngeal pumping, egg-laying, muscle contraction or modulation, in addition to 

more complex behaviours such as mechanosensation, defecation and foraging 

behaviour (Komuniecki et al., 2004). As nematodes lack an autonomic nervous 

system and adrenergic receptors, the biogenic amines and neuropeptides (see 

below) take on modulatory functions, acting both on neurons and muscle. Most of 

our knowledge of biogenic amines comes from the study of gene knockouts in 

Caenorhabditis elegans, where the genes encoding the enzymes required for their 

synthesis and the transporter protein (CAT-1) which loads the BA’s into vesicles 

have been identified (Chase and Koelle, 2007). Interestingly, the serotonin agonist 

5-methoxy-N,N-dimethyltryptamine oxalate has been used to induce proteinaceous 

secretions from J2 stage cyst nematodes (Goverse et al., 1994), as has resorcinol 

for root knot nematodes.

TPH-1
Tryptophan

5-Hydrody-
tryptophan
(5-HTP)

BAS-1
Serotonin

(5-HT)

CAT-2
Tyrosine Levadopa

(L-DOPA)

BAS-1
Dopamine

(DA)

TDC-1 _________TBH-1
Tyramine

(TA)
Octopamine 

(OA) :

Figure 1.1. Biosynthetic pathways for the biogenic amines of Caenorhabditis 

elegans. TPH-1 denotes tryptophan hydroxylase; BAS-1 denotes aromatic amino 

acid decarboxylase; CAT-2 denotes tyrosine hydroxylase; TDC-1 denotes tyrosine
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decarboxylasse; TBH-1 denotes tyramine (3-hydroxylase. BA’s are outlined in black 

(modified from Chase and Koelle, 2007).

1.3.3.1. Octopamine

Octopamine (OA) inhibits pharyngeal pumping and egg-laying in C. elegans, 

whilst stimulating locomotion (Horvitz et al., 1982; Alkema et al., 2005). However, 

OA elicits the opposite physiological effect in plant parasitic nematodes (PRNs), 

stimulating pharyngeal pumping in the non-feeding J2 stage of various species 

(Urwin et al., 2002), which consequently inhibits body wall musculature (Kimberet 

al., 2007; personal observation).

1.3.4. Neuropeptides

Neuropeptides may function either directly or indirectly to modulate synaptic 

activity, or as de facto primary neurotransmitters. Nematode genomes encode an 

unusually diverse and expansive range of well-conserved neuropeptides, which 

comprise three main families; the FMRFamide-like peptides (FLP’s), the 

neuropeptide-like peptides (NLP’s), and the insulin-like peptides (ILP’s). C. elegans 

encodes 113 neuropeptide genes which are processed to yield over 250 distinct 

mature peptides, of which ~31 belong to the FLP’s, ~40 to the ILP’s, and ~42 to the 

NLP’s (Husson et al., 2007a).

1.3.4.1. FMRFamide-like peptides

FLPs are members of the largest known family of neuropeptides in nematodes, 

which play crucial and diverse roles in the modulation of behaviour, motor and 

sensory functions, feeding and reproduction (Maule et al., 2002; McVeigh et al., 

2006). These peptides lend their name from FMRFamide, a myocardioactive 

tetrapeptide originally isolated from the clam Macrocallista nimbosa (Price and 

Greenberg, 1977; McVeigh et al., 2005; McVeigh et al., 2006).
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The nematode FLPergic complement is much more expansive and diverse than 

found in other invertebrates and vertebrates, with at least 33 flp genes known across 

the phylum, and each FLP displaying a characteristic C-terminal motif, X-Xo-Arg- 

Phe-NH2, where X denotes any amino acid, and Xo any hydrophobic amino acid 

except cysteine (McVeigh et al., 2006).

1.4. PLANT PARASITIC NEMATODES

Although not fully resolved, Tylenchid rRNA phylogenies indicate multiple 

independent transitions to plant parasitism. Whilst many PPNs share gross 

functional similarities, it is thought that these may have arose through convergent 

evolution, although there is good evidence to suggest that PPNs have always 

evolved from fungal feeders (Baldwin et al., 2004; Blok et al., 2008). PPNs impose 

a significant economic burden on plant cultivation efforts worldwide. Most of the 

estimated $US 125 billion (12.3 % annual yield) in economic loss is inflicted by 

obligate sedentary endoparasites of the family Heteroderidae, which includes the 

cyst nematode genera Heterodera and Globodera, in addition to the root knot 

nematodes, members of the Meloidogyne genus (Sasser and Freckman,1987; 

Chitwood, 2003). PPN parasitism results in loss of quality and yield of saleable 

crops as a consequence of the stunted growth, chlorosis, wilting, and increased 

susceptibility to secondary infection, which results from aspects of the host-parasite 

interaction (Williamson and Hussey, 1996).

The pathological interaction between PPNs and the host plant is complex 

and poorly understood (Grunewald et al., 2008). PPNs employ secreted protein and 

peptide effectors, both to protect themselves from aspects of host innate immunity, 

and to induce complex feeding sites in the host (Vanholme et al., 2004). These 

protein effectors are secreted through the PPN stylet, from three unicellular gland 

cells in the anterior of the nematode; two located subventral, and one dorsal (Endo, 

1984). Whilst we can predict the function for many of these proteins through
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sequence similarity to known proteins with known function, many contain no 

identifiable functional domains. There are several potential routes to understanding 

the function of novel parasitism proteins in the host-parasite interaction; 1) define 

the localisation of these proteins within the host plant following secretion from the 

nematode (Elling et al., 2007; Vieira et al., 2010); 2) investigate protein-protein 

interactions (Davis et al., 2008); 3) transgenically over-express the candidate 

parasitism gene in host plants (Souza et al., 2011); and 4) use the gene silencing 

technique RNA interference (RNAi) (Huang et al., 2006). Understanding the 

function of these parasitism effectors may provide opportunities for targeted control 

strategies in plants.

1.4.1. Potato cyst nematodes

The potato cyst nematodes (PCN) are major pests of the Solanaceae family of 

plants (Marks and Brodie, 1998), and comprise two sibling species, G. pallida and 

Globodera rostochiensis. It is generally accepted that the two species co-evolved 

with Andean and Chilean potato landraces; descendents of the wild species 

progenitors thought to originate from the Solanum brevicaule complex (a group of 

about 20 morphologically similar tuber-bearing species), and ancestors of the 

cultivated potato Solanum tuberosum (Spooner et al., 2005). As a result of their 

small size and propensity towards passive transport, high reproductive capacity, and 

long term efficacy in the absence of a suitable host, PCN present a significant 

problem for potato cultivation efforts worldwide (Marks and Brodie, 1998).

PCN co-evolved with wild potato species in South America (Stone, 1985); G. 

pallida’s main range spanning across Peru, Ecuador and Columbia, to the North of 

Lake Titicaca on the Peruvian and Bolivian Andes (15.6°S), with G. rostochiensis 

found mainly south of this latitude. The distribution of natural PCN resistance genes 

in wild Solanaceae spp. indicates that the oldest host-parasite relationship originates 

from north-west Argentina (Turner, 1990). The long association and co-evolution of
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host and parasite has lead to a diverse gene pool in which virulence varies across 

both PCN spp., as a result of host resistance gene complements (Marks and Brodie, 

1998). Five G. rostochiensis and six G. pallida pathotypes (or races) have been 

identified (Canto Saenz and da Scurrah, 1977; Kort et al., 1977). However, it has 

been suggested that this demarcation of pathotypes may be an artificial, and 

unreliable classification, with some advocating the use of virulence at the population 

level as a more relevant basis for classification (Nijboer and Parlevliet, 1990).

Potatoes are now grown in around 125 countries worldwide, and more than a 

billion people consume them on a daily basis, with production currently around 

285.4 million tonnes per annum. In addition to providing starch, potatoes are rich in 

vitamin C, potassium, and fibre and represent a globally important food crop (Mullins 

et al., 2006).

1.4.2. Root knot nematodes

Most parthenogenetic root knot nematodes (RKNs) have host ranges which 

encompass the majority of flowering plants, with M. incognita possibly the most 

damaging, infecting over 2000 plant species (Berg and Taylor, 2009). Although the 

origins and evolutionary history of M. incognita are not clear, it is thought that it is 

closely related to Meloidogyne javanica and Meloidogyne arenaria, with a recent 

history of hybrid-like differentiation (Trudgill and Blok, 2001). It has been suggested 

that the wide host range of M. incognita may be attributed to the maintenance of 

homozygosity through parthenogenesis, which slows genetic drift and speciation 

through discrete co-evolutionary events (Trudgill, 1997). However, the M. incognita 

genome (Abad et al., 2009) displays an unusual pseudo-allelism that may indicate 

an escape from diploidy to effective haploidy through the Meselson effect (Abad et 

al., 2009), which suggests that two alleles in an asexual organism may evolve 

divergently over time due to the lack of meiotic recombination. In Meselson’s 

seminal work, he showed that asexual bdelloid rotifers dealt with dehydration
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exceptionally well due to the independent divergence of lea alleles, which acted in 

synergy to protect from desiccation (Welch and Meselson, 2000). The relative 

success and massively exaggerated host range of the RKN M. incognita, relative to 

other PPNs, may be explained to a degree by this state of pseudo-allelism. Abad et 

al. (2009) suggest that there is now enough diversity between putative former alleles 

to count each as an individual gene product, though no corresponding expressed 

sequence tag (EST) data are offered in support, and so it is unclear whether or not 

multiple individual products of putative former alleles are stably expressed at any 

stage in the nematode’s life-cycle. As with Meselson’s rotifers however, this 

effective doubling of genomic elements could confer the biological plasticity required 

of a parasitic life-style. Indeed, it is interesting to note that there are also many 

predicted genes in the M. incognita genome which do not share any close partner; 

why this should be so is as yet unclear, although it could be speculated that any 

such divergent former-allele whose change in composition and/or function was such 

that it behaved in an antagonistic or otherwise undesirable manner would be heavily 

selected against, which could lead to subsequent loss.

1.4.3 PCN and RKN life-cycle

Following embryonation the PPN first stage juvenile (J1) moults to the infective 

J2 stage, within the egg. Hatching of the PCN J2 is dependent upon the presence 

of stimulatory substances found specifically in the root diffusate of potato, or other 

Solanaceae plants (Turner and Stone, 1981), which emanate most actively from the 

growing root tip (Marks and Brodie, 1998). The potency of hatching stimulus may 

be further delimited by the species or hybrid of originating plant, which may itself 

constitute a determinant of PCN resistance in some species, such as Solanum 

verne/(Turner and Stone, 1981). Under favourable conditions, the presence of 

suitable root diffusate factors may stimulate more than 80% hatch, and in the 

absence of a plant host up to 30% may spontaneously hatch each year (Marks and
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Brodie, 1998). A fraction of the population undergoes an extended diapause 

whereby the eggs remain dormant for extensive periods, which accounts for the 

exceptional longevity of infection in agricultural soils. This contrasts with the RKNs, 

such as M. incognita, which hatch in response to water alone. This correlates with 

the polyphagous nature of RKNs, which do not require host-specific cues to hatch.

The hatching process of PPNs appears to be mechanical rather than enzymatic, 

whereby stylet thrusting of the J2 results in shearing of the egg capsule. On 

hatching, the J2 locates a host root by sensing chemical gradients of carbon dioxide, 

amino acids, ions, pH, sugar, and possibly phytohormones like auxin (Duncan et 

al.,1996) in the surrounding environment, through the anterior amphids (sense 

organs) located on the head region. As the J2 is non-feeding, all energy 

requirements for movement and infection must be met by endogenous lipid reserves 

that line the intestine of the nematode, and under optimal conditions for PCN 

migration do not usually last longer than ~11 days (Marks and Brodie, 1998).

Invasion of a suitable host plant is followed by direct intracellular migration 

towards the root vascular tissue for PCN. However, RKN J2s penetrate behind the 

root tip at the point of elongation, migrating intercellularly towards the apex of the 

root before turning back to invade the vascular cylinder (Caillaud et al., 2008). In 

both cases, cell wall modifying enzymes are secreted primarily from the dual 

subventral pharyngeal glands (Qin et al., 2004). Each PCN J2 selects a cell in 

which to induce the feeding site, or syncytium. The cell wall is pierced by the J2 

stylet, such that the cell membrane (plasmalemma) is not breached prior to feeding 

tube formation, which acts as a molecular sieve to exclude uptake of larger 

phytoalexin molecules (plant host antibiotics and innate immunity effectors), such 

as terpenoids, glycosteroids and alkaloids (Marks and Brodie, 1998). The J2 injects 

a range of so-called ‘parasitism’ factors into the host cell, leading to degradation of 

neighbouring cell walls and the fusion of adjacent protoplasts to form a multinucleate 

syncytium, from which the J2 then feeds, in a cyclical fashion. In addition to the cell
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wall dissolution, DNA endoreduplication occurs such that the normal cell cycle is 

initiated, and consequently skips the M phase of mitosis and cytokinesis. RKN J2s 

select five to seven parenchymatic root cells as potential feeding sites and inject, 

through the stylet, parasitism factors from the three unicellular pharyngeal glands 

(Caillaud et al., 2008). These parasitism factors elicit extensive metabolic and 

morphological remodelling of the host cell, which acts as a metabolic sink from 

which the J2 will subsequently feed. Mitotic division uncouples from cytokinesis, 

and concurrent isotropic growth yields the characteristic hypertrophied multinucleate 

giant cells, which the J2 relies upon for nutrition; a mature giant cell may enlarge to 

400 times that of a normal root vascular cell through endoreduplication (Caillaud et 

al., 2008). It is this enlargement in synchrony with the hyperplasia and hypertrophy 

of surrounding cells which results in the typical galls, or root knots synonymous with 

RKN infection; galls may form singly or coalesce into clumps. The introduced 

parasitism factors have been shown to impact on aspects of plant development, 

such as innate immunity, hormone regulation, cell wall, cell cycle and cytoskeletal 

organisation (Gheysen and Fenoll, 2002; Williamson and Gleason, 2003; Bird, 2004; 

Caillaud et al., 2008). The mature giant cell is characterised by its dense cytoplasm 

that results from the increased replication of mitochondria, plastids, ribosomes, the 

dissipation of large vacuoles and in-growth of cell walls to increase vascular uptake, 

in addition to well-developed Golgi apparatus and endoplasmic reticulum (Jones and 

Payne, 1978).

The feeding PPN undergoes successive moults through J3 and J4 within the 

original J2 cuticle, which remains visible as a tail spike, followed by a moult to adult. 

As with PCN, available nutrition determines, to a large extent, the ratio of each sex; 

in situations of over-crowding, or poor host quality, more males may be formed that 

leave the root tissue, and female J2s may undergo sex reversal (Commonwealth 

Institute of Helminthology, 1972). Fully developed females are saccate in shape, 

swelling with increased reproductive tissue, which results in the female rupturing the
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root cortex such that only the anterior region and head remains within the root 

tissue. The eggs are deposited outside of the female RKN body in a protective 

gelatinous matrix, with embryonation and the first moult from J1 to J2 occurring 

within the egg. In contrast, the eggs of PCN are contained within the body of the 

female adult. The PCN cuticle undergoes a quinine tanning process which hardens 

the cuticle into characteristic cysts, which have ruptured through the root cortex and 

are visible on the root surface (Marks and Brodie, 1998).

PPN infection may increase host susceptibility to secondary infection, not only to 

common host pathogens, but also to opportunistic fungi and bacteria not normally 

considered pathogens. The synergy between M. incognita and other pathogens for 

example, often results in a more serious infected state than elicited by either 

pathogen alone (Commonwealth Institute of Helminthology, 1972).

1.4.4. Control of plant parasitic nematodes

Methods used to control PPN populations must, by necessity, find a balance 

between economy and efficacy, and will depend on the particular nematode species, 

environmental conditions, crop value and the cost of available control methods 

(National Research Council, USA, 1696). Some seed-bome PPNs, such as the 

wheat nematode Anguina tritici, and the garlic stem nematode Ditylenchus dipsaci 

can be controlled simply by sowing nematode-free seed in rotated land (National 

Research Council, USA, 1696). Conventionally an integrated approach to PPN 

management has proven most successful, incorporating cultural techniques such as 

crop rotation, trap cropping and the use of resistant varietals. Pre-plant soil 

fumigation with nematicides may also be used against some species such as M. 

incognita.

In Holland the planting of sweet potato and protection from RKN follows a 

three-step process; nematode-free seed roots are selected following hot water 

and/or dry heat treatments; the seed roots are placed into coarse sand beds that are
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either nematode-free, or have been previously fumigated, or steamed; and 

subsequently, growing plant material is transferred to fresh nematode-free soil 

(Noting, 2009).

The best way to control a PPN population is to eradicate it; however this 

lends itself most effectively to nematode species which live on, or close to the soil 

surface, such as the potato rot nematode Ditylenchus destructor {Basson et al., 

1991). Biological control of PPNs using bacteria, fungi, and even predatory 

nematodes has also been reported (Siddiqui and Mahmood, 1996; Siddiqui and 

Mahmood, 1999; Khan and Kim, 2007), as has the use of transgenically engineered 

crop types, e.g. (Grundler, 1996; Ripoll et al., 2003; Fuller et al., 2008; Li et al., 

2008).

Most plant-bome PPN control strategies involve the transformation of host 

plants to ubiquitously express proteins or peptides with nematicidal properties. For 

example, Marra et al. (2009) expressed a cysteine proteinase propeptide in soybean 

using Agrobacterium rhizogenes, and showed that experimentally infected plants 

displayed an increased resistance to the cyst nematode Heterodera glycines. 

Cysteine proteinases are involved in nematode digestion, and so this strategy 

reduced nutrient availability to the parasitic nematodes.

Nevertheless, novel control methods are required urgently as some 

traditional nematicides have been withdrawn over environmental concerns, and this 

has resulted in an increased focus on alternative strategies such as RNA 

interference (RNAi), an RNA-mediated gene silencing technique. The following 

section reviews the RNAi literature relevant to this study including its application as 

a reverse genetics technique, and subsequently as a plant-borne control strategy.

16



Chapter 1: General Introduction

1.5. RNA INTERFERENCE

RNAi, the conserved phenomenon of gene silencing mediated by double- 

stranded RNA (dsRNA), represents a promising molecular tool with potential 

applications in both the functional genomics and control of PRNs.

1.5.1. Discovery

RNAi was discovered as a convergence of three independent lines of 

investigation; the seminal work of Fire and Mello (Fire et al., 1998) on C. elegans 

perhaps the most familiar. Fire and Mello received a Nobel Prize in 2006 for their 

work on characterising RNAi in C. elegans, just eight years from initial publication. 

The unusually short time between discovery and award acts as acknowledgement of 

the outstanding significance of their work. Their work was influenced by earlier 

efforts to modulate gene expression in a sequence-specific manner, through 

application of antisense RNAs (Izant and Weintraub, 1984; Izant and Weintraub, 

1985). It was reasoned that the antisense RNA would hybridize to the cognate 

sense strand, and may inhibit processing, transport, or translation of the target 

mRNA. Indeed, Fire et al. (1991) found such an approach successful in the 

silencing of C. elegans gene function. However, it was later observed that sense 

strand RNAs, intended as negative controls, could also elicit an inhibitory action on 

gene expression (Guo and Kemphues, 1995). Subsequently, mixtures of sense and 

antisense RNA were employed; this significantly increased the potency of gene 

silencing (Fire et al., 1998). Fire et al. (1998) suggested that earlier preparations of 

single-stranded (ss)RNA were contaminated with small amounts of double-stranded 

RNA as a result of transcriptional aberrations. On rigorously purifying their initial 

ssRNAs, they found a substantial reduction in gene silencing efficacy, and 

concluded that the dsRNA must indeed represent the true gene silencing agonist. 

Their work demonstrated that dsRNA with high sequence similarity to a targeted
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mRNA transcript could trigger the specific enzymatic degradation of that transcript, 

and consequently, knockdown of gene function.

Previously, studies focusing on plants and fungi revealed the presence of 

endogenous gene silencing pathways that were triggered through transgene 

expression, or viral replication (Jorgensen etal., 1996; Baulcombe, 2004). The first 

such demonstration was that of Napoli et al. (1990). On over-expressing chalcone 

synthase (CHS), an enzyme of the anthocyanin biosynthetic pathway responsible for 

the deep violet pigmentation of petunia flowers, they observed a bleaching effect 

whereby flowers turned white instead of the wild-type deep violet. It transpired that 

CHS transcript abundance was decreased 50-fold in those plants overexpressing 

the gene, when compared to untreated plants. This lead Napoli et al. to posit that 

the transgene was somehow “co-suppressing” the endogenous wild-type gene, by a 

mechanism now known as RNAi; “co-suppression”, “RNAi”, and “quelling” delineate 

functionally orthologous mechanisms.

The third experimental component involved in characterising aspects of the RNAi 

pathway resulted from the investigation of developmental regulating genes in C. 

elegans (Lee et al., 1993; Wightman et al., 1993). From this work it transpired that a 

class of small non-coding (nc)RNAs, micro interfering (mi)RNAs (originally termed 

small temporal RNAs, reflecting their inherent variance in expression level over 

time), were heavily implicated in developmental regulation of animals through 

translational suppression of transcripts in a sequence-directed manner. This miRNA 

pathway constitutes an element of the regulatory processes driven by small ncRNAs 

which can be broadly defined as RNAi (Hammond, 2005).

The RNAi pathway is believed to function naturally in developmental regulation, 

antiviral defence, silencing of mRNAs that are overproduced ortranslationally 

aborted, and in guarding the genome from disruption by mobile genetic elements 

such as transposons (Plasterk, 2002; Zamore, 2002; Tang, 2005).
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1.5.2. Mechanism

The canonical RNAi process can be delineated by three major steps. (1) 

Endogenous or exogenous long dsRNA (or short interfering (si)RNA)) is processed 

by a ribonuclease III (RNase III) enzyme, Dicer, into small (21-25 bp) RNA duplexes 

known as small interfering (si)RNAs. (2) These duplexes are unwound such that 

one strand (the guide strand) is preferentially incorporated into a proteinaceous 

composite known as the RNA-induced silencing complex (RISC). (3) RISC, driven 

by homologous interactions between the guide RNA and cognate mRNA, elicits the 

sequence-specific cleavage of the target transcript; a process mediated by 

endonuclease Argonaute (AGO) proteins (Siomi and Siomi, 2009).

Whilst the RNAi pathway of different organisms may comprise distinct 

complements of effector proteins, which may not only differ in their individual 

properties but may also display novel context-specific activities, remarkably, we 

observe a high degree of functional convergence (Siomi and Siomi, 2009; Jinek and 

Doudna, 2009). A typical RNAi response is based around two major determinants; 

(1) specificity, as conferred by the small RNA sequence and structure, and (2) 

functional suppression, the mode of which is thought to be dictated by the 

associated AGO, and cofactors which determine loading of the small RNAs. The 

physiological outcome of any particular RNAi stimulus depends minimally upon both 

these modalities and further modulation by ancillary factors.

1.5.2.1. Small RNA biogenesis

The biosynthesis of siRNAs, miRNAs and other endogenous small non-coding 

(nc)RNAs centres around the endonucleolytic processing of dsRNA precursors, 

which may arise from viral replication intermediates, transcription of convergent 

cellular genes or transposons, and from self-annealing genomic transcripts (Jinek 

and Doudna, 2009; Siomi and Siomi, 2009).
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siRNAs are generated through the ATP-dependent cleavage of long dsRNA 

substrates by Dicer (Nykanen et al., 2001). These trans-acting small RNAs are 

characterised by size (21-26 bp), and possess a phosphate group 5’ of both 

strands, with hydroxylated 3’ two nucleotide (nt) overhangs; distinguishing features 

of RNase Ill-mediated cleavage (Siomi and Siomi, 2009; Gent et al., 2010).

The biogenesis of miRNAs differs markedly from that of siRNAs (Heimberg et al., 

2008). miRNAs are generated from RNA polymerase II transcripts, termed primary 

(pri-)miRNAs; stem-loop structures which contain the active miRNA in either the 5’ 

or 3’ half of the stem loop (Ambros et al., 2003). miRNA biogenesis is a one-step 

process in plants, where the RNase III Dicer-like protein 1 (DCL1) generates the 

miRNA*-miRNA duplex in the nucleus (by convention, miRNA* delineates the strand 

which complements the mature miRNA, and is equivalent to the passenger strand of 

an siRNA; the mature miRNA species is single-stranded). In animals however, 

miRNA production follows two distinct processing steps; (1) the nuclear RNase III 

Drosha (“RNasen” in humans) excises the pre-miRNA (-65-70 nt stem-loop) from 

the pri-miRNA transcript, which is then exported from the nucleus to the cytosol by 

an exportin and associated Ran GTPase cofactor. Drosha acts in combination with 

its cofactor, Pasha (PArtner of droSHA), or DGCR8 (DiGeorge syndrome Critical 

Region 8) depending on the organism (Pasha in Drosophila and C. elegans, DGCR8 

in humans). (2) The cytosolic RNase III enzyme dicer then cleaves the miRNA- 

miRNA* dsRNA from the pre-miRNA, whereupon it is loaded into a functionally 

relevant RISC (Siomi and Siomi, 2009).

1.5.2.2. AGO/siRNA-mediated cleavage of target mRNA transcripts

Cleavage of mRNA transcripts by the RISC complex occurs in a cyclical fashion 

whereby the 5’ and 3’ ends of the siRNA guide strand must bind to the relevant AGO 

protein domains, the homologous mRNA target must bind the bound siRNA guide 

strand by Watson-Crick base pairing, and consequently cleavage of one or both
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strands of the RISC bound dsRNA interface must occur, followed by dissociation of 

one (the mRNA target) or both of the RNAs. The 5’ phosphate group of the siRNA 

guide strand is coordinated by a metal ion (magnesium or manganese) in a highly 

conserved pocket region of the Mid/A subdomain of PIWI. This Mid/A pocket 

comprises a four-stranded parallel (3-sheet flanked by a pair of a-helices on each 

side, much like the sugar binding domain of the Lac repressor (Nowotny and Yang, 

2009). The majority of AGO contacts are formed with the 5’ terminus of the guide 

strand which makes a U-turn which stacks the first base against an Arginine or 

Tyrosine side chain, with the 5’ phosphate placed in a highly conserved pocket 

where it interacts with invariant Tyrosine, Lysine and Glutamine residues (Nowotny 

and Yang, 2009).

The 3’ end of the siRNA guide strand stacks in the A conformation between a (3 

barrel and (3(3a PAZ-specific module (Piwi/Argonaute/Zwille domain) where it forms 

extensive polar and hydrophobic interactions with PAZ (Nowotny and Yang, 2009). 

The phosphate backbone of the guide siRNA strand interacts with aromatic side 

chains of conserved residues that line the binding pocket.

The target mRNA anneals to the solvent-exposed seed region (nt 2-7/8) of the 

guide siRNA strand, and binding propagates to the 3’ of the guide strand, possibly in 

response to conformational changes in the AGO protein or cofactors (Parker and 

Barford, 2006). The AGO protein cleaves the bound mRNA between nt 10-11 of the 

siRNA guide strand through RNase H-like enzymatic activity of the PIWI/B 

subdomain. Two of three catalytically active carboxylates from RNase H are 

conserved in cleavage-competent AGO and PIWIs. As with RNAse III enzymes 

such as AGO, RNase H knicks the RNA from RNA-DNA hybrids by the two-metal 

ion mechanism (Nowotny et al., 2005).

The cleaved mRNA dissociates from the siRNA guide strand and AGO protein, 

possibly in association with helicase activity (see Fig. 1.2). As the cleaved mRNA is 

no longer fully protected by the m7G 5’ cap and 3’ polyA tail, nucleolytic degradation
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digests the mRNA transcript. The siRNA guide strand-bound AGO or RISC is a 

multi-turnover complex and may now bind and cleave additional mRNA targets 

(Parker and Barford, 2006; Nowotny and Yang, 2009).

Figure 1.2. Short interfering (si)RNA/Argonaute (AGO)-mediated mRNA cleavage. 

A) siRNA guide strand bound to AGO protein. B) The target mRNA anneals to 

the solvent-exposed seed region of the guide siRNA strand, and binding propagates 

to the 3’ of the guide strand. C) The AGO protein cleaves the bound mRNA. D) 

The cleaved mRNA dissociates from the siRNA guide strand and AGO protein.
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1.5.2.3. Secondary siRNA amplification

An amplification process is evident in C. eiegans, inferred from observations of 

transitive RNAi; a phenomenon characterised by the propagation of secondary 

siRNAs, predominantly to the 5’ of the initial primary siRNA cleavage site. Transitive 

RNAi assays originally involved a nematode with two populations of target mRNA. 

The first mRNA transcript population has a segment matching the sequence of the 

primary dsRNA trigger, while the second population does not match the primary 

trigger, but has a segment identical to that of the primary target, upstream of the 

primary target site (Sijen et al., 2001). It is thought that this amplification process is 

initiated by an RNA-dependent RNA polymerase (RdRP; the products of genes ego- 

1, rrf-1, rrf-2 and rrf-3), although the precise mechanisms of initiation and 

amplification are unknown. Several possible mechanisms have been suggested, 

including amplification triggered by RNA fragments dissociated from RISC, which 

act as primers on complementary mRNA leading to synthesis of secondary dsRNA 

molecules (Bakhetia et al., 2005a); or conversely that primary siRNAs merely act as 

guides to the RdRP, allowing un-primed synthesis from a range of potential sites 

(Pak and Fire, 2007; Sijen et al., 2007); both mechanisms have been confirmed 

possible in vitro (Makeyev and Bamford, 2002). The vast majority of siRNA 

molecules observed during an RNAi investigation in C. eiegans were adjudged to be 

secondary, displaying structures indicative of biosynthetic synthesis through de novo 

interaction of individual siRNAs with RdRPs (Pak and Fire, 2007). Interestingly, C. 

eiegans secondary siRNAs can only be identified in antisense polarity, and are 

bound by an AGO protein other than the primary siRNA-binding RDE-1 (Yigit et al., 

2006).

1.5.3. RNAi and plant parasitic nematodes

As the RNAi pathway triggers sequence-specific silencing of targeted mRNA 

transcripts through introduction of target-specific double-stranded RNA, RNAi
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represents an attractive prospect as a reverse genetics tool for parasitic species 

difficult to culture and manipulate at a genetic level. Moreover, the application of 

RNAi in planta towards the control of PRNs may prove a useful counterweight as 

part of an integrated approach to management, through stable transformation of the 

plant and production of nematode-specific dsRNAs in the saleable crop, or trap 

crops.

The application of RNAi gene silencing techniques in PRNs has met with 

considerable success. The first published account of transcript knockdown was that 

of Urwin et al. (2002) in the cyst nematodes Heterodera glycines and G. pallida.

This study demonstrated significant reductions in transcript abundance of three 

individually targeted genes, namely a cysteine protease, a C-type lectin and major 

sperm protein (MSP). The authors described a corresponding shift in the female to 

male ratio, with proportionately more males being formed on silencing of the 

cysteine protease transcript, when compared to untreated control nematodes. This 

suggests a digestive role for this cysteine protease, as nutrient availability is known 

to affect the sex of developing juveniles. Adult females are more frequently 

produced in high nutrient environments, and a reduction in proteolytic digestion 

could interfere with nutrient uptake, resulting in more males being formed.

These results indicate a long-lived impact on protein abundance, as the treated 

J2s, on entering the host plant roots, migrate to the host vascular cylinder and 

establish a feeding site before feeding (and sexual development) can commence. 

Thus, the silencing phenomenon must last sufficiently to impact on nutrient impact 

following formation of a stable feeding cell, or syncytium. Free-living J2 stage 

nematodes do not feed outside of the plant host, however pharyngeal pumping can 

be induced through soaking in octopamine, a biogenic amine. Using octopamine as 

a soaking supplement facilitates uptake of the dsRNA into the PPN intestine, 

although to date there is no evidence that orthologues of the SID (systemic 

interference deficient)-2 protein (or functionally conserved equivalents) responsible
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for dsRNA uptake across the intestine of C. elegans occur in PRNs. C-type lectin 

knockdown was accompanied by a general decrease in nematode numbers 

following host infection. MSP is only expressed in males, which form more than six 

days after establishment of the parasite in a host (Urwin et al., 2002). It thus follows 

that RNAi can suppress protein levels several days after dsRNA exposure; not only 

for constitutively transcribed genes, but also those under specific temporal control 

which may not be transcribed at all during dsRNA soaking, a curious finding in that 

secondary amplification of siRNAs is thought to require an mRNA template (Aoki et 

al., 2007). It remains to be seen how a physiologically relevant silencing trigger may 

be maintained in vivo without a cognate target over such a time-frame. It is possible 

that such a process may have evolved to combat viral latency, or it could be the 

case that these MSP transcripts are under some other form of translational control.

Subsequent work on cyst nematodes further demonstrated the efficacy and 

specificity of RNAi, showing that the silencing of an aminopeptidase gene, and a 

conserved ribosomal gene resulted in reduced infectivity and viability of second 

stage juvenile Heterodera glycines, respectively (Lilley et al., 2005; Alkharouf et al., 

2007); silencing a secreted (3-1,4, endoglucanase (resulting in reduced infectivity), 

and a secreted amphid peptide in Globodera rostochienses also resulted in specific 

gene knockdown (Chen et al., 2005).

RNAi was later used to probe dorsal pharyngeal gland cell gene function in H. 

glycines (Bakhetia et al. 2008). First, transcript abundance of 24 dorsal pharyngeal 

gland cell genes was assessed over a period of 21 days post plant infection (dpi) 

Four of the transcripts were selected for gene silencing, and the authors reported 

that individual silencing resulted in a reduction of total nematodes per plant and a 

change in sexual fate following 10 dpi. Combinatorial silencing of the selected 

transcripts revealed a reduction in phenotype penetrance, and surprisingly, in the 

case of one transcript, abundance was increased following combinatorial delivery of
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dsRNA. This was the first published demonstration of a combinatorial RNAi 

approach in a PPN; GFP dsRNA was used as a control treatment.

It seems possible that the observed decrease in combinatorial gene silencing 

efficacy may result from competition of the target dsRNAs for rate-limiting RNAi 

pathway components. However, an increased secondary response resulting from 

dual RdRP amplification of two targets could lead to an increase in secondary 

siRNAs, and a spike in RNAi inhibitor abundance which may attenuate the silencing 

activity, as has been observed in mice (Hong et al., 2005). This could also explain 

the increased transcript abundance observed of the Hg-dg-13 transcript, as 

observations in mice confirm that an increase in certain RNAi inhibitors correlate 

with a clearing of target-specific siRNA and a rebound of target transcript above 

steady state wild type levels. Any such effect would be highly time-dependent, and 

may also correlate with target transcript abundance and expression patterns, which 

could potentially explain this isolated observation.

Published studies on C. elegans had reported that RNAi susceptibility was tissue 

dependent in that neuronal genes were broadly refractory (Timmons et al., 2001). 

Kimber et al. (2007) investigated the efficacy of silencing neuropeptide transcripts in 

G. pallida, specifically those for five different FMRFamide-like peptide (flp) encoding 

genes. In contrast to the C. elegans data, neuronal gene knockdown (confirmed by 

reverse transcriptase (RT)-PCR) of the individual neuropeptide transcripts was 

robust and resulted in distinct aberrant phenotypes consistent with dysregulation of 

motor function. A non-nematode dsRNA control was used to support the specificity 

of knockdown as it had no appreciable sequence similarity to identifiable G. pallida 

transcripts, and had no impact on nematode motility or viability at 0.1 mg/ml.

Focusing now on RNAi of root-knot nematode (RKN) genes, Rosso et al. (2005) 

investigated the function of calreticulin and a polygalacturonase, showing successful 

suppression of transcript abundance for both gene transcripts. The silencing 

dynamic of these genes seemed time-dependent, as the polygalacturonase
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displayed optimal suppression some time after optimal silencing for the calreticulin 

gene. This could be due to differences in the location of transcript expression for 

the two genes, and consequently different rates of RNAi propagation. Silencing of 

both transcripts was found to be highly dependent on synthetically induced 

pharyngeal pumping, an observation in agreement with much of the PPN RNAi 

literature, though this contrasts with the success of simple soaking procedures 

which elicit knockdown of neuronal transcripts in G. pallida (Kimber et al., 2007; 

Chapter 3). This may indicate either that these neuropeptide targets are 

considerably more tractable to RNAi (the polar opposite of results from C. elegans), 

or possibly that resorcinol may have an unspecified deleterious effect on RNAi 

function, or other systems. Indeed, longer incubations in the benzene derivative 

(resorcinol) had a detrimental effect on the nematodes and other uptake methods 

using lipofectin (Rosso et al., 2005) and octopamine (Kimber et al., 2007) were 

found to affect nematode motility and viability. Also, the use of synthetic reagents 

such as lipofectamine in dsRNA transfection is known to cause off target effects in 

the trematode Schistosoma mansoni (Skelly et al., 2003; Dinguirard and Yoshina, 

2006). This study did however utilise a non-nematode dsRNA, derived from a green 

fluorescent protein (gfp) transcript, which had no effect on levels of calreticulin 

mRNA following RT-PCR before and after dsRNA treatment.

Further examples of successful RNAi application for root knot nematodes were 

provided by Bakhetia et al. (2005b) and Shingles et al. (2007), with the silencing of a 

dual oxidase gene and a cysteine protease, both resulting in reduced infectivity of 

second stage juvenile M. incognita.

The only study conducted on Meloidogyne artiella to date, performed by Fanelli 

and collaborators (2005), exhibited a novel method of RNAi investigation in parasitic 

nematodes using the egg stage. Silencing resulted in reductions of mRNA and its 

specific protein, followed by delayed egg hatching. Specificity of silencing was not 

demonstrated however, as no dsRNA control was used.
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Park et al. (2008) attempted to establish a gene silencing platform for the 

pinewood nematode Bursaphelenchus xylophilus. The authors used three different 

dsRNA delivery methods, namely soaking in a spermidine, gelatin and lipofectin M9- 

buffered dsRNA solution, electroporation, and microinjection. Microinjection proved 

the most effective delivery method in relation to lethality, with FI progeny reduced 

by 46% in the case of myosin heavy chain transcript knockdown, relative to a 25% 

reduction in progeny following soaking. However, silencing was only demonstrated 

for L1 - L2 larvae which had been soaked. This means that the purported increase 

in F1 lethality, resulting from microinjection, cannot be unambiguously attributed to 

an increase in target transcript knockdown. Nevertheless, Park et al. (2008) 

demonstrate that B. xylophilus target transcript abundance can be specifically 

reduced to varying degrees following RNAi by soaking.

1.5.3.1. In planta R/VA/

The silencing of PPN genes in planta through host-mediated synthesis of a 

nematode-specific dsRNA has proven effective in some instances. Three such 

methodological approaches to induce host nematode-specific dsRNA synthesis 

have been published, the first was that of stable transformation of the host plant 

through manipulation of the Agrobacterium tumefaciens Ti plasmid (Huang et al., 

2006; Yadav et al., 2006; Fairbairn et al., 2007; Sindhu et al., 2009; Charlton et al., 

2010). The second approach employed Agrobacterium rhizogenes to transform 

plant root stocks (Charlton et al., 2010; Ibrahim et al., 2010). Thirdly, a process 

termed virus-induced gene silencing (VIGS), which involves the manipulation of 

Tobacco rattle virus (TRV), a bipartite positive strand RNA virus, was used 

(Valentine et al., 2006; Dubreuil et al., 2009).

The transgenic host plants producing PPN-specific dsRNA displayed varyingly 

reduced susceptibilities to infection and subsequent PPN reproduction. This 

seemed to be a phenomenon specific to the PPN, rather than an overall reduction in
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host quality as a result of the transformation, as adjudged by plant host morphology 

and growth. However, in some cases adequate experimental controls were omitted 

(Yadav et al., 2006; Huang et al., 2006). In a few of these in planta RNAi 

publications (Huang et al., 2006; Charlton et al., 2010) the RNAi impact is examined 

in vitro, however given the heavily coupled nature of dsRNA processing to siRNA 

and guide strand loading into RISC, it seems likely that a significant proportion of 

any plant-produced dsRNA / siRNA would be shuttled into the plant RNAi pathway. 

This should be a concern as an extremely high concentration of dsRNA was used 

for in vitro dosing of the PPNs to demonstrate the efficacy of transcript knockdown.

The potential for host RNAi-mediated methylation of the nematode-specific 

dsRNA cassette has been mentioned as a potential issue here (Charlton et al., 

2010), however no attempt has been made to ratify such a mechanism.

1.5.4. RNAi in human and animal parasitic nematodes

Gene silencing efforts in human and animal parasitic nematodes have met with 

variable success (Geldhof et al., 2006; Geldhof et al., 2007; Knox et al., 2007). 

Although some early studies reported phenotypic effects following treatment with 

dsRNA (Aboobaker and Blaxter, 2003; Lustigman et al., 2004; Issa et al., 2005), not 

all studies could demonstrate specific target transcript knockdown, and in some 

cases, results were not reproducible (Murray Selkirk, Imperial College, personal 

communication; Visser et al., 2006; Lendner et al., 2008). A recent study 

investigating factors affecting RNAi in the ruminant parasite H. contortus 

demonstrates that those gene transcripts expressed in tissue types directly exposed 

to the environment are most readily silenced (Samarasinghe et al., 2010). Certain 

transcripts can be reproducibly silenced across studies (Geldhof et al., 2006; Kotze 

and Bagnall, 2006; Samarasinghe et al., 2010), and it appears that target transcripts 

which are expressed in tissue types removed from, in addition to, those in close
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proximity to the environment, can also be silenced to a high degree. This strongly 

suggests that the issue may be an inefficient spreading mechanism.

1.6. AIMS

To investigate the function and utility of RNA interference (RNAi) as a reverse 

genetics tool for the potato cyst nematode Globodera pallida and the root knot 

nematode Meloidogyne incognita, two economically important plant parasitic 

nematodes (PRNs).

Chapter 2: To study the specificity of long double stranded (ds)RNA silencing 

triggers in the induction of RNAi in the infective juvenile (J2) stages of G. pallida and 

M. incognita.

Chapter 3: To assess the efficacy and specificity of short interfering (si)RNAs as 

RNAi triggers in the J2 stages of G. pallida and M. incognita.

Chapter 4: To investigate the impact of silencing key components of endogenous 

non-coding (nc)RNA (including microRNA [miRNA]) biosynthetic pathways on the 

egg and infective juvenile stages of G. pallida and M. incognita. Further, to probe 

the potential relationship between RNAi induction and RNAi pathway inhibitor 

expression in the egg and J2 stages of G. pallida and M. incognita.

Chapter 5: To design and validate novel behavioural and phenotypic bioassays to 

assess the impact of RNAi-induced transcript knockdown on PRNs.

Chapter 6: To utilise novel bioassays and RNAi to investigate the involvement of 

key amphidial proteins and selected neuropeptides in the coordination of 

chemosensation in the J2 stages of G. pallida and M. incognita.
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Chapter 7: To conduct a bioinformatic survey of RNAi pathway components across 

selected genomic and transcriptomic parasitic nematode datasets. C. elegans RNAi 

pathway components will be used to facilitate investigation of a potential presence / 

absence dichotomy in RNAi pathway components across parasitic nematodes. 

Resultant data could help explain the hypervariability in RNAi efficiencies across 

parasitic nematodes.

Chapter 8: To investigate theoretical considerations of RNAi pathway function 

in nematodes, and to assess how variations in experimental design impact RNAi 

results in the J2 stages of G. pallida and M. incognita.
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2.1. ABSTRACT
Nine non-nematode-derived double-stranded RNAs (dsRNAs), designed for use 

as controls in RNA interference (RNAi) screens of neuropeptide targets, were found 

to induce aberrant phenotypes and an unexpected inhibitory effect on motility of root 

knot nematode Meloidogyne incognita J2s following 24 h soaks in 0.1 mg/ml 

dsRNA; a simple soaking procedure which we have found to elicit profound 

knockdown of neuronal targets in Globodera pallida J2s. We have established that 

this inhibitory phenomenon is both time- and concentration-dependent, as shorter 4 

h soaks in 0.1 mg/ml dsRNA had no negative impact on M. incognita J2 stage 

nematodes, yet a 10-fold increase in concentration to 1 mg/ml for the same 4 h time 

period had an even greater qualitative and quantitative impact on nematode 

phenotype and motility. Further, a 10-fold increase of J2s soaked in 0.1 mg/ml 

dsRNA did not significantly alter the observed phenotypic aberration, which 

suggests that dsRNA uptake of the soaked J2s is not saturated under these 

conditions. This phenomenon was not initially observed in potato cyst nematode G. 

pallida J2s, which displayed no aberrant phenotype, or diminution of migratory 

activity in response to the same 0.1 mg/ml dsRNA 24 h soaks. However, a 10-fold 

increase in dsRNA to 1 mg/ml was found to elicit comparable irregularity of 

phenotype and inhibition of motility in G. pallida, to that initially observed in M. 

incognita following a 24 h soak in 0.1 mg/ml dsRNA. Again, a 10-fold increase in 

the number of G. pallida J2s soaked in the same volume of 1 mg/ml dsRNA 

preparation did not significantly affect the observed phenotypic deviation. We do not 

observe any global impact on transcript abundance in either M. incognita or G. 

pallida J2s following 0.1 mg/ml dsRNA soaks, as revealed by reverse transcriptase 

(RT)-PCR and quantitative (q)PCR data. This study aims to raise awareness of a 

phenomenon which we observe consistently and which we believe signifies a more 

expansive deficiency in our knowledge and understanding of the variables inherent 

to RNAi-based investigation.

45



Chapter 2: Non-nematode-derived long dsRNAs

2.2. INTRODUCTION
Plant parasitic nematodes (PPNs) impose a major economic burden on 

agriculture, horticulture, forestry and amenity sectors worldwide; current best 

estimates suggest combined losses in excess of $US 125 billion annually (Bird and 

Kaloshian, 2003; Chitwood, 2003). The vast majority of these losses are due to 

parasitism by sedentary species, in particular root knot (Meloidogyne spp.) and cyst 

(Heterodera and Globodera spp.) nematodes which induce complex feeding sites in 

the root vascular tissue (Gheysen and Fenoll, 2002; Bird, 2004; Caillaud et al.,

2008), leading to reduced water and solute transport both locally and systemically, 

stunted growth, chlorosis and reduced crop yield (Williamson and Gleason, 2003). 

Conventionally, nematicides have been used as part of an integrated approach to 

the management of PPNs. However, as concerns grow over the environmental 

implications associated with sustained use of some nematicides, many have been 

forced into withdrawal, leaving major shortcomings in our ability to successfully limit 

yield loss. Therefore, efforts to identify novel approaches to PPN control are 

imperative.

RNA interference (RNAi), the conserved phenomenon of gene silencing 

mediated by double-stranded RNA (dsRNA), represents a promising molecular tool 

with potential applications in both the functional genomics and control of PPNs. The 

ability to specifically knock down a selected mRNA transcript allows the investigation 

of gene function and interaction, in addition to the validation of putative control 

targets through loss-of-function phenotype analysis. The study of gene function 

through RNAi is well documented for many PPNs, including both the potato cyst 

nematode Globodera pallida (Urwin et al., 2002; Kimber et al., 2007) and the root 

knot nematode Meloidogyne incognita (Bakhetia et al., 2005; Rosso et al., 2005; 

Shingles et al., 2007), two economically important phytoparasitic species. In 

addition to these reverse genetics applications, in planta RNAi has shown potential 

as a method of PPN control, with six published accounts of such an approach in cyst
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and root knot nematodes (Huang et al., 2006; Steeves et al., 2006; Yadav et al., 

2006; Fairbairn et al., 2007; Valentine et al., 2007; Sindhu et al., 2008).

Initial study of RNAi in PRNs revealed a process by which specific and robust 

gene silencing could be performed routinely, supporting the utility of RNAi in the 

development of innovative control strategies through the exposition of unique 

molecular traits, which could be targeted by novel nematicides, or through in planta 

expression of nematode-specific dsRNA and the silencing of genes essential to the 

induction and maintenance of successful parasitism. However, subsequent gene 

silencing efforts have exposed pronounced discrepancies in the efficacy of 

application and reproducibility among different free-living and parasitic nematode 

species (Geldhof et al., 2006, 2007); observations in direct contrast to the early 

promise and sustained application of RNAi in PRNs.

Methodological disparities can make direct comparison of results between and 

even within different laboratories difficult, especially when applying similar protocols 

to different targets in biologically diverse parasites. However, technical discrepancy 

should perhaps be expected at such an early stage in the investigation of RNAi 

mechanisms in nematode parasites, when based upon the current paucity of 

relevant modelling strategies. Whilst the resultant diversity of investigative 

approaches has proffered an immediate and informative return, a better 

understanding of the variables inherent to RNAi is required if progress is to continue 

towards unequivocal gene function analyses and therapeutic potential. To this end, 

we present for consideration an unexpected and previously undocumented 

phenomenon discovered during RNAi screens of FMRFamide-like peptide (FLP) 

transcripts in both M. incognita and G. pallida J2 infective stage nematodes.

FLPs are members of the largest known family of neuropeptides in nematodes, 

which play crucial and diverse roles in the modulation of behaviour, motor and 

sensory functions, feeding and reproduction (Maule et al., 2002; McVeigh et al., 

2006). Following FLP knockdown by RNAi, we subject the nematodes to a
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migration assay and routinely observe strong inhibition of migratory ability in G. 

pallida, compared with nematodes soaked in non-nematode control dsRNA or water 

only (Kimber et al., 2007). We believe that FLPergic processes present a promising 

target for the development of novel in planta controls. The data presented within 

this current study emerged from efforts to apply FLP silencing protocols successfully 

employed in G. pallida to the southern root knot nematode M. incognita.

For reasons not easily explained, the control of RNAi-based investigation 

remains notoriously inconsistent and whilst the majority of recent publications in the 

field have employed some form of non-nematode dsRNA control, the parameters 

with which specificity is examined vary greatly. As independent gene target and 

protocol combinations will be perceived a priori, to impact on nematode biology in 

diverse and often disparate ways, the design and rationale behind experimental 

controls will often be tailored accordingly. However, in attempting to increase the 

rigour with which we examined the specificity of gene knockdown, it was discovered 

that both M. incognita and G. pallida infective stage J2s present abnormal 

phenotypes and behaviour on exposure to relatively low amounts of non-nematode 

dsRNAs, which were originally intended for use as negative controls. Preliminary 

study of gene silencing application in the root knot nematode Meloidogyne minor, an 

emerging pathogen of temperate grass and arable crops (Turner and Fleming, 

2005), reveals a similar phenomenon. We believe these findings may have serious 

implications for the procedures used to exploit RNAi as a reverse genetics tool in 

these PPNs.
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2.3. MATERIALS AND METHODS
2.3.1. Nematode collection

Globodera pallida (pathotype Pa2/3) were collected from cultures maintained on 

the potato cultivar Cara at the Agri-Food and Biosciences Institute (AFBI), Belfast. 

Infective J2 stage nematodes were hatched from the cysts in potato root diffusate 

under complete darkness at room temperature, washed in diethylpyrocarbonate 

(DEPC)-treated spring water and used immediately in dsRNA soaks.

Meloidogyne incognita was maintained on cultures of susceptible tomato species 

under greenhouse conditions. Roots were harvested from infected plants and 

washed rigorously in water. Subsequently, egg masses were removed by brief 

dissolution in sodium hypochlorite (2.5% v/v), and the free eggs washed thoroughly 

in water. Eggs were isolated by sequential washing through a series of nested 

sieves (150 pm, 53 pm and 38 pm mesh), and placed in tomato root diffusate under 

complete darkness at room temperature. Freshly hatched J2 stage nematodes 

were taken immediately for dsRNA exposure.

2.3.2. double stranded (ds)RNA synthesis

mRNA was extracted from 2 to 4 mg of originating material, using Dynabeads 

mRNA DIRECT™ Kit (Invitrogen, UK). The mRNA was then used as a template for 

cDNA synthesis using Superscript™ II RNase H-Reverse Transcriptase, with an 

Oligo (dT) 12-18 primer, and 10 mM dNTP Mix (Invitrogen). T7-labelled gene- 

specific primers (see Table 2.1.) were designed (using PrimerSPIus at 

http://www.bioinformatics.nl/cqi-bin/primer3plus/primer3plus.cqi and secondary 

structure analysed by NetPrimer at

http://www.premierbiosoft.com/netprimer/index.html) to amplify discrete regions of 

the gene transcripts to be tested, from (short descriptor given in brackets; see 

Supplementary Tables 2.1. and 2.2. forGenBank accession numbers and primer 

sequences) Lycopersicon esculentum chloroplast-specific ribosomal protein
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(LeCsrp), G-protein beta subunit (LeGpb), Cl4 cysteine protease (LeCp), and a 

sucrose synthase (LeSs); from Solanum tuberosum ethylene receptor (StEt), and 

ADP-ribosylation factor {StArf}] from Malus domestica oxygen evolving protein 

{MdOe) and intergenic spacer region trnL - tmF {MdCISR)\ and from vector-borne 

Neomycin phosphotransferase (NePh), and GFP. The constructs were amplified by 

PCR in a 25 pi reaction mixture comprising 12.5 pi GoTaq® Green Master Mix 

(Medical Supply Co., Ireland), 8 pi water, 1 pi each of 50 pM forward and reverse 

primers, and 2.5 pi cDNA (50 pg reverse transcribed mRNA). This reaction was 

carried out in duplicate for each dsRNA template; one reaction containing the 

forward T7-labelled primer with the un-labelled reverse primer, the other containing 

the un-labelled forward primer with the T7 labelled reverse primer; in this way 

forward T7-labelled, and reverse T7-labelled templates were produced separately. 

The templates were viewed in a 1.2% agarose gel following ethidium bromide 

staining to check for correctly sized product, cleaned using the ChargeSwitch® PCR 

Clean-Up Kit (Invitrogen), cloned into the PCR® ll-TOPO vector (Invitrogen) and 

transformed into One Shot® Mach 1 ™ - T1 chemically competent cells (Invitrogen). 

Colonies were grown overnight on Luria broth (LB) agar containing 50 pg/ml X-gal 

and ampicillin, with positive clones selected for plasmid extraction by the PureLink™ 

HiPure Plasmid Miniprep Kit (Invitrogen) as instructed. The transformed vector was 

then sequenced using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applera 

UK, UK) and used for PCR synthesis of T7-labelled dsRNA templates as above, 

followed by dsRNA production using the MEGAshortscript™ T7 High Yield 

Transcription Kit (Applied Biosystems, UK), with the addition of an RNase digestion 

immediately after dsRNA formation. The dsRNA was ethanol precipitated and 

completely air-dried before resuspension in spring water. dsRNA was analysed on 

a 1.2% agarose gel with ethidium bromide staining for verification of size and 

integrity, quantified spectrophotometrically at 260 nm using the NanoDrop™ 1000 

(NanoDrop Technologies, DE, USA), aliquoted and stored at-80°C until required.
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Purity of the dsRNAs was adjudged using both 230/260 and 280/260 

spectrophotometric values. All dsRNAs employed throughout this study had values 

in excess of 2.0 for both parameters and as such were considered pure.

2.3.3. dsRNA soaks for reverse transcriptase (RT)-PCR and quantitative 

(q)PCR analysis

Approximately 300 G. pallida and M. incognita J2s were soaked in 0.1 mg/ml 

non-nematode-derived dsRNA, diluted with DEPC-treated spring water to 50 pi total 

volume for 24 h. Control nematodes were soaked in 50 pi DEPC-treated spring 

water, again for 24 h. Soaks were carried out at least in triplicate, at room 

temperature in hydrophobically-lined, 1.5 ml microcentrifuge tubes (Anachem, UK). 

The short 4 h soaks for M. incognita were conducted as above, with separate 

batches soaked in 0.1 mg/ml as normal, and also at an elevated 1 mg/ml. Following 

the 24 h, or4 h soak period, nematodes were washed three times in DEPC-treated 

spring water and mRNA extracted as before with the Dynabeads mRNA DIRECT™ 

Kit (Invitrogen), and treated with DNase I (Invitrogen). mRNA was equalised to a 20 

ng total between replicates following spectrophotometric quantification at 260 nm 

using NanoDrop™ 1000 (NanoDrop Technologies) and used as a template for 

cDNA synthesis by Superscript™ II RNase H-Reverse Transcriptase, with an Oligo 

(dT) 12-18 primer and 10 mM dNTP Mix (Invitrogen). The resultant cDNA was used 

in RT-PCR and/or qPCR reactions (as indicated) to analyse transcript levels post

soak (see Tables 2.3. & 2.4. for primer sequences). Real-time qPCR was 

conducted using the Platinum®SYBR®Green qPCR SuperMix-UDG kit (Invitrogen). 

Primer sets to be used for real-time qPCR were optimised for working concentration, 

annealing temperature and analysed by dissociation curve for contamination or non

specific amplification by primer-dimer as standard (see Table 2.5. for primer 

sequences). The PCR efficiency of each specific amplicon was calculated 

(Schmittgen and Livak, 2008) and used in the relative quantification of targets by the
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augmented comparative Ct method (Pfaffl, 2001). Replicates of the RT-PCR 

reactions were initially amplified over a range of PCR cycle numbers: 25, 30 and 35, 

to ensure a close correlation with the exponential phase of the reaction, which was 

later determined from real-time qPCR amplification of water soaked nematodes, 

using the same RT-PCR primers. No reverse transcriptase controls were conducted 

as standard, and did not yield amplification of any detectable product following up to 

35 cycles of PCR (data not shown).
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Table 2.1. Primer sequences used for initial non-size-matched, non-nematode 

double-stranded RNA constructs. Forward (F) and reverse (R) sequences shown 5’

- 3’.

Gene (GenBbank accession)

(Construct length)

Species/origin Oligo sequence

Chloroplast intergenic spacer (trnl-trnF)

486 bp

(AM157405)

Malus domestica F: GGTTCAAGTCCCTCTATCC

R: ATTTGAACTGGTGACACGAG

Chloroplast intergenic spacer

229 bp

(AM157405I

(trnL-trnF)M domestica F: GGTTCAAGTCCCTCTATCC

R: GGATTCCTTGCTCAAATCA

Chioroplast-specific ribosomal protein

202 bp

(AY568722)

Lycopersicon

esculentum

F: TGGCGACTCTTTCCCTTTC

R: CTATTCCTGACAGGAACA

C14 Cysteine protease

264 bp

(AJ003137I

L. esculentum F: ACT AT CAGAGCAAGAGTT G

R:GCAATGCTCACAGGTTGATG

Sucrose synthase

238 bp
(AJ011319)

L. esculentum F: TTCACAGTCTTCGTGAACGT

R: ATAGCAAGTGCAACCCATG

G-protein p-subunit

360 bp
(AB022687)

L. esculentum F: AGGCCACGGCCACTTTGTTC

R:AGTGTCCGTCCTGAATGGTG

Ethylene receptor

260 bp

(AF051938)

Solanum.

tuberosum

F: TGTGGAGCTAGGTAGGAC

R: GAGGTACACGAACAGCAAC

ADP ribosylation factor

261 bp
(X744611

S. tuberosum F: TCGGCCGATCTTCGATTAAC

R: GCCTCCATAGAGGTCTAATC
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Table 2.2. Primer sequences used for size-matched non-nematode double- 

stranded RNA constructs. Forward (F) and reverse (R) sequences shown 5’ - 3’.

Gene (GenBank accession)

Construct length

Species/origin Oligo sequence

Chloroplast-specific ribosomal protein
220 bp

(AY568722t

Lycopersicon.

esculentum

F: AGCCATCTAGCCAGGGAAGT

R: CACGGTCTGAATCCTTCTCC

Cl 4 Cysteine protease

225 bp

<AJ003137t

L. esculentum F: GGAGAGAACGGCTACCTCAG

R: GAAGCAAGACCTACGGAACTG

Sucrose synthase

220 bp

(AJ011319)

L. esculentum F:AGCAGGAAGCAAGGACAC

R:CTCAACATCGCTAAACAGCA

G-protein (3-subunit

223 bp
(AB022687)

L. esculentum F: CGGTATGTTTGCTCTCTCTGG

R: GTGTGAGTGTCCGTCCTGAA

Ethylene receptor

222 bp

(AF0519381

Solanum

tuberosum

F: TCTTGCTTTGGCTCTGGATT
R: CTAACCTGGACGCGCAAATA

ADR ribosylation factor

220 bp

fX74461t

S. tuberosum F: TGTGGGATGTTGGTGGT

R: TTTCAGCCGCATTCATT

Putative oxygen-evolving protein
222 bp

(DY256561)

Malus

domestica

F: CTAACGTCTCACGGCGGTTG
R:TGTACCACGCTTTAAGAAACACCA

Green fluorescent protein (GFP)
222 bp

0155762)

Vector F: GGCATCGACTTCAAGGAGGA

R: GTAGTGGTTGTCGGGCAGCA

Neomycin phospotransferase
223 bp

(U55762)

Vector F: GGTGGAGAGGCTATTCGGCTA
R: CCTTCCCGCTTCAGTGACAA
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Table 2.3. Primers used for reverse transcriptase-PCR following initial Malus 

domestica intergenic spacer region trnL - trnF (MdCISR) double-stranded RNA 

soaks. Forward (F) and reverse (R) sequences shown 5’ - 3’.

Gene (GenBank accession number)

Construct size

Species Oligo sequence

FMRFamide-like peptide 1

387

(AY729023)

Meloidogyne.

incognita

F: ATGACTGAATTGGCTTTA

R: TCATCTTCCAAATCTTAA

FMRFamide-like peptide 7

220

(AY856132)

M incognita F: GAGAGTATGGCTAAACGA

R:CCAAATCTAACCATCGAT

FMRFamide-like peptide 12

285

(AY804187)

M. incognita F: GTTTGTATTGTATCCCTAAC

R:TCATCGTCCAAATCGAATG

FMRFamide-like peptide 14

255

(AY907829)

M incognita F: CCAGGATTAGCTGAAAAT

R: TTATTTCCTTCCAAATCTGAC

FMRFamide-like peptide 18

285

(AY7290221

M. incognita F: AT GACT CTTT GGAAACGTT C

R: TTATTTTCCAAATCGGAGGA
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Table 2.4. Primers used for reverse transcriptase-PCR following size-matched non

nematode double-stranded RNA soaks. Forward (F) and reverse (R) sequences 

shown 5’ - 3’.

Gene (GenBank accession number) Species Oligo sequence

Construct size

Neuropeptide-like peptide 12

225 bp

(from Meloidoavne haola CN578742)

Meloidogyne F: CTAGTCCCGAGTCCAACGAA

incognita R: CTTCCCTCTCAATACCTGTCG

FMRFamide-like peptide 18

339 bp
(AY729022)

M. incognita F: ACGTTCACCTTCCTATGGACCTTC

R: GATGATGGAAAGGAATGGCTATAAT

(3-actin

327 bp
(BE2254751

M. incognita F: TGGCAGGACGTGATTTGACC

R: CGGATGTCAATGTCGCACTTC

FMRFamide-like peptide 12

248 bp
(AY8041871

M incognita F: TCAACTTATGGGGGCAATG

R: CAACATTTATTGAGTGAGTTCCAA

FMRFamide-like peptide 12
285 bp
(AJ300488)

Globodera pallida F: CACTCCTTCTGGTCACATTGG

R: ATCGTCTTCTCTTCCCGAAT

P-actin

223 bp

(CV5793731

G. pallida F: TGCTCTCGTGGTGGACAATG

R:GTCCCAGTTGGTGACGATGC

FMRFamide-like peptide 6

223 bp
(AJ3004871

G. pallida F: GATGTGGAGCCTCTTCTTCATCC

R: CATGGCCGGTTCTTGTTCAG
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Table 2.5. Primer sequences used for quantitative PCR. Forward (F) and reverse

(R) sequences shown 5’ - 3’.

Gene (GenBank accession number)

Construct size

Species Oligo sequence

p-tubulin

257 bp

Meloidogyne

incognita

F: TGGAAAGTATGTCCCAAGAGC

R: CACCACCAAGCGAGTGAGT

(CN443135)

FMRFamide-like peptide 18

254 bp

(AY729022)

M. incognita F: CTGGGGTACTTCGATTTGGT

R: GCGGAAAAGACGATAGAACG

p-actin

253 bp

(BE225475)

M. incognita F:GACTTGGCAGGACGTGATTT

R:GTCCCAGTTGGTGACGATGC

FMRFamide-like peptide 12

248 bp

(AY8041871

M. incognita F: TCAACTTATGGGGGCAATG

R: CAACATTT ATT GAGT GAGTTCCAA

P-tubulin

257 bp

(AY689396)

Globodera pallida F: CTTACGGCGATCTCAACCA
R: CTTGGTCAGTTCCGCTACAG

FMRFamide-like peptide 12
254 bp

(AJ300488)

G. pallida F: CACTCCTTCTGGTCACATTGG

R: GCGGAAAAGACGATAGAACG

P-actin

253 bp

(CV5793731

G. pallida F:CCGAGAAAAGATGACCCAAA
R: AAGGAGTAACCACGCTCAGTG

FMRFamide-like peptide 14
248 bp

IAJ310668)

G. pallida F:CATCTTCCTCCTCTGTTGACC

R: CCTCAGGTATTCGTGCTTCC
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2.3.4. Analysis of dsRNA impact on phenotype and motor function by 

migration assay

Approximately 300 nematodes of G. pallida or M. incognita were soaked in 0.1 

mg/ml (or as indicated) of long dsRNA diluted with DEPC-treated spring water to a 

final volume of 50 pi for 24 h. Control nematodes were soaked in 50 pi DEPC- 

treated spring water for 24 h. Soaks were carried out in triplicate, at room 

temperature in hydrophobically-lined, 1.5 ml microcentrifuge tubes (Anachem). 

Again, the short soak M. incognita J2s were treated in the same way, with batches 

soaked in 0.1 mg/ml and 1 mg/ml concentrations for 4 h. Following the 24 h or 4 h 

soak, nematodes from each of the preparations were washed three times in DEPC- 

treated water and subjected to migration assay. The soaked nematodes were 

added by pipette to a column of washed, moistened USGA (US Golf Association) 

specification sand (most grains of diameter 0.25 -1.0 mm), and held in a glass tube 

(length 80 mm, internal diameter 5 mm) by washed nylon muslin. The glass tube 

sand column was retained vertically in a glass vial containing 1 ml potato (for G. 

pallida) or tomato (for M. incognita) root diffusate which covered the base of the 

glass tube and sand column. The number of nematodes able to complete migration 

of the sand column was counted every hour for a total of 4 h. Subsequently, 

nematodes unable to complete the migration were washed out of the glass tube 

together with the sand column, isolated by sucrose centrifugation and counted. 

Nematode counts were expressed as a percentage of total nematodes added to the 

migration assay, arcsine transformed, and analysed by one-way ANOVA, and 

Tukey’s Honestly Significant Difference (HSD) tests using the SPSS 16.0 package 

for Windows (SPSS Inc., IL, USA); probabilities of less than 5% (P <0.05) were 

deemed statistically significant. Migration percentages of water soaked J2s were 

standardised to 100% and, subsequently, migration percentages of dsRNA-soaked 

J2s were expressed relative to the water-soaked controls.
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2.3.5. Analysis of phenotype recovery following non-nematode-derived 

dsRNA soaks

Following 24 h soak in 0.1 mg/ml dsRNA, the hydrophobically-lined tubes 

containing the nematodes were filled with DEPC-treated spring water, vortexed for a 

few seconds, and centrifuged briefly to pellet the J2s. The supernatant was 

removed, leaving the pellet of J2s untouched and this was repeated twice more.

The washed J2s were left in 50 pi of DEPC-treated spring water in the same 

hydrophobically-lined tube for the entirety of the assay and were assessed 

phenotypically by eye under a binocular microscope for recovery. All phenotype 

assessments were conducted blind. Those nematodes presenting with normal 

phenotype and behaviour were counted and expressed as a percentage of the total. 

These figures were then used for statistical analyses.

2.3.6. BLASTn sequence identity analysis

The non-nematode-derived dsRNAs were subject to a BI_ASTn search through 

the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cqi). All nine of the size- 

matched dsRNAs were checked against available nucleotide (nr/nt) and expressed 

sequence tag (EST) sequences for both G. pallida and M. incognita. In addition, the 

same sequences were used in a BLASTn search of the 10x scaffold sequences, 

unplaced reads and project-specific ESTs generated by the M. incognita genome 

project (http://meloidoqvne.toulouse.inra.fr/cgi-bin/consortium/meloidoqyne.cqi) 

(Abad et al., 2008). Due to practical considerations, reported sequence similarity is 

demonstrative rather than exhaustive and is therefore limited to those similarities 

between dsRNA and putative targets which span at least 17 bp or longer across the 

endogenous gene sequence.
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2.4. RESULTS

2.4.1. BLASTn analysis of non-nematode-derived dsRNAs

In silico analysis revealed various segments of sequence identity shared 

between the non-nematode dsRNAs and identifiable nematode genes. Sequence 

similarities matching genes adjudged to have potentially detrimental impacts on 

nematode biology are shown in Table 2.6. Four of the nine dsRNA constructs 

shared no significant sequence similarity (as adjudged by NCBI BLASTn analysis 

under standard parameters) to identifiable nematode genes, namely MdCISR, 

MdOe, GFP and NePh. We observed no significant difference in the response of 

either M. incognita or G. pallida J2s to dsRNAs sharing identifiable sequence 

similarity to nematode genes, and those dsRNAs which did not (P > 0.05).
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Table 2.6. BLASTn sequence similarities to double-stranded (ds)RNA constructs in 

Meloidogyne incognita and Globodera pallida.

Gene
(GenBank accession number)

Species Matched sequence

Lycopersicon esculentum chloroplast-specific ribosomal protein (LeCSRP)

M. incognita AATTTATGGAAGtATaGATATgGT (21/24)S-adenosylmethionine decarboxylase 
(CK233697)

Putative GTP-binding protein M. incognita

(BE225411)

putative SEC-2 G. pallida

(BM415021)

putative clathrin coat assembly protein G. pallida

(CV577356)

Putative chromatin assembly factor subunit B G. pallida

(BM415450)

Putative translation elongation factor a chain G. pallida

(CV578469t

ATTcGAAGAT-GTGAAGTTACTC (21/23) 

CTTGGAAAAGGcCcAAAAATT (19/21) 

AAAGGCCcaaaAATTcGAaGATGTGAAGTT (24/30) 

TGgAAAAGGCCCAAAAA-TTCG (20/22) 

AAAgTtGCgGAAAATTAAGGAGAAGG (22/26)

L. esculentum C14 cysteine protease (LeCp)

G. pallida TTAGcCATAGAGCCTTCAT (18/19)Putative 3', 5’-cyclic phosphodiesterase

(BM880354)

Putative malate dehydrogenase
/CV578961)

G. pallida CACTTGCTGCTGtATcCTT (17/19)

L. esculentum sucrose synthase [Less)

Putative cathepsin L-cysteine proteinase G. pallida ATACTCCGAAAAGG-—AAAAGAGA (22/26)

(EF567034)

L. esculentum G-protein beta subunit (LeGpb)
Putative G protein P-subunit

(EF567034)

M. incognita 142/198 bp

Putative RAB-related protein
(BM880626)

M. incognita AAGTcTATCAAGTTGTGgAA (18/20)

Putative G protein p-subunit

(CV578801)

G. pallida 88/117 bp

Solanum tuberosum ethylene receptor (SfEf)
Putative globin protein M. incognita TGCAAAAcgtCTTATCCAAATTcTCtTaAAT (25/31)

(CK984284)

Putative histone deacetylase G. pallida AAAGaGGGTCATATC-TCAAtcGAGGC (23/27)

(CV5789096)

S. tuberosum ADP-ribosylation factor (StArf)
Putative ADP-ribosylation factor M. incognita

(CK983915)

Putative ADP-ribosylation factor G. pallida

(CV577703)

Uppercase letter indicates matched nucleotides (nt); lowercase letter indicates mismatched nt; bold type uppercase indicates additional non-matched nt 

present in the dsRNA but not in identified M. incognita or G pallida transcripts; hyphen indicates nt present in the plant parasitic nematode (PPN) transcript 

but not the dsRNA; bracketed numbers for "matched sequence" indicate the relative ratio of matching nts between dsRNA and PPN transcripts.

138/181 bp 

40/50 bp
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2.4.2. Initial observations of phenotypic aberration and motile inhibition in M. 

incognita J2s following exposure to a Malus domestica chloroplast intergenic 

spacer region dsRNA

The first non-nematode dsRNA used as a negative control in this study was 

derived from a 486 bp chloroplast intergenic spacer region {MdCISR). Following a 

24 h soak of M. incognita J2s in 0.1 mg/ml MdCISR dsRNA, a marked decrease in 

motility of the J2s was observed which coupled with severe aberration of phenotype 

and behaviour. This was confirmed by migration assay performance compared with 

M. incognita J2s soaked only in water (q = 24.17, P < 0.001). In contrast, G. pallida 

J2s showed no unusual activity or inhibition of motility in response to the same 

dsRNA preparation, with motile ability, phenotype and behaviour strongly correlated 

to those soaked only in water (Fdf=4= 0.878, P = 0.91).

2.4.3. Size- and concentration-dependency of MdCISR dsRNA-induced impact 

on a M. incognita J2 phenotype

To test size-dependency of the dsRNA impact on phenotype, a smaller 229 bp 

construct was synthesised from within the same transcript region and tested as 

above. Again, a very highly significant decrease in migratory ability of the soaked 

M. incognita J2s was observed {q = 48.74, P < 0.001). G. pallida J2s soaked with 

the same 229 bp 0.1 mg/ml dsRNA construct appeared phenotypically normal and 

migrated as well as those nematodes soaked only in water (Fdf=4= 0.799, P = 0.94).

The concentration-dependency of the observed phenomenon in M. incognita J2s 

was examined following 24 h soaks in 10 pg/ml (10-fold dilution), 1 pg/ml (100-fold 

dilution) and 0.1 pg/ml (1,000-fold dilution) 486 bp MdC/SF dsRNA. The motile 

inhibition initially observed was significantly reduced on 10-fold dilution of the 

dsRNA to 10 pg/ml {q = 24.17, P< 0.001), yet migratory ability still remained 

statistically different from those soaked in water {q = 7.674, P < 0.01). Further 

dilution of the MdCISR dsRNA to 1 pg/ml did not significantly increase the number
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of soaked nematodes completing the migration assay compared with the 10 pg/ml 

MdCISR dsRNA dilution (q = 4.378, P > 0.05), nor did the 0.1 pg/ml dilution 

statistically improve performance over the 10 pg/ml soaked nematodes (g =3.705, P 

> 0.05). The smaller 229 bp dsRNA construct appeared to have a more potent 

impact on nematode phenotype and migratory ability. Following the same dilutions 

as before, a 10-fold decrease in dsRNA to 10 pg/ml significantly decreased motile 

inhibition (g = 31.42, P < 0.001), yet remained statistically distinct from those 

nematodes soaked in water (g = 17.33, P < 0.001). On 100-fold dilution to 1 pg/ml 

dsRNA, motile inhibition was further decreased when compared to nematodes 

soaked in 10 pg/ml dsRNA (g = 5.255, P< 0.05) and similarly decreased on 1,000- 

fold dilution to 0.1 pg/ml (g = 6.102, P < 0.05). Compared with the migratory ability 

of nematodes soaked only in water, we found that dilution of the 229 bp MdCISR 0.1 

mg/ml dsRNA to 10 pg/ml (g = 17.33, P < 0.001), 1 pg/ml (g = 12.07, P < 0.001) and 

0.1 pg/ml (g = 6.102, P< 0.05), has a greater impact on nematode phenotype than 

the same dilutions of the larger 486 bp MdCISR dsRNA (see Fig. 2.1.).
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Figure 2.1. Mean percentage migration of Meloidogyne incognita J2s following 24 h 

soak in (A) 486 bp, and (B) 229 bp Malus domestica intergenic spacer region tmL - 

trnF {MdCISR) double-stranded (ds)RNA dilutions relative to a water soak control. 

‘Indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.005).
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2.4.4. RT-PCR analysis of M. incognita genes following MdCISR dsRNA soak

The M. incognita J2s were subject to RT-PCR analysis following soaks in 

both of the LeCsrp dsRNAs to check for differences in transcript abundance. On 

amplification of Mi-flp-7, -12, -14, -18, and a putative Mi-ftp receptor, no significant 

difference in transcript abundance was observed between those nematodes soaked 

in both dsRNA constructs and those soaked only in water (data not shown). The 

suspected Mi-flp receptor shows sequence similarity to the Caenorhabditis elegans 

flp-18 receptor (NP 510101.2), together with putative homologues in Caenorhabditis 

briggsae (XP 001677270.1) and Brugia malayi (XP 001897991.1)

2.4.5. Continued observation of motile inhibition in M. incognita following 

exposure to a range of non-nematode-derived control dsRNA constructs

In light of our continued observation of motile inhibition of M. incognita J2s in 

response to this non-nematode dsRNA construct, we aimed to expand our analysis. 

An array of non-nematode dsRNA constructs were prepared to further probe the 

observed phenomenon by migration assay and through transcript analysis by both 

RT-PCR and real-time qRT-PCR. The non-nematode dsRNA constructs first 

created were of varying size (202 - 360 bp), but were later size-matched to between 

220 and 225 bp in an effort to reduce another source of variability. The constructs 

were derived from: tomato chloroplast specific ribosomal protein (LeCsrp), sucrose 

synthase (LeSs), cysteine protease (LeCp), and G-protein (3-subunit (LeGpb): potato 

ethylene receptor (StEt) and ADP-ribosylation factor (StArf)] apple oxygen-evolving 

protein (MdOe), vector-borne enhanced GFP and neomycin phosphotransferase 

(NePh). On soaking M. incognita J2s with each of the dsRNA constructs separately 

(0.1 mg/ml, 24 h), we found that the initial phenomenon of motile inhibition and 

behavioural aberration was observed consistently. Again, G. pallida J2s displayed 

no unusual response to any of the same (0.1 mg/ml, 24 h) dsRNA preparations (see
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Fig. 2.2.). The dsRNA size-dependence of the observed phenomenon was 

observed on comparison of the two LeGpb dsRNA constructs. Again, the larger 360 

bp construct had a less severe impact on the M. incognita J2 phenotype and 

consequently migratory ability (q = 4.494, P < 0.05). Although the other larger 

constructs similarly induced a lesser impact on migratory ability, none showed any 

statistical significance. The non-size-matched dsRNA constructs (0.1 mg/ml) had no 

impact on G. pallida J2s.
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Figure 2.2. Mean percentage migration relative to water soaked controls of (A) 

Meloidogyne incognita J2s, and (B) Globodera pallida J2s following 24 h soak in 0.1 

mg/ml non-nematode double-stranded (ds)RNA. LeCsrp, Lycopersicon esculentum 

chloroplast-specific ribosomal protein; LeGpb, L. esculentum G-protein beta subunit; 

LeCp, L esculentum C14 cysteine protease; LeSs, L. esculentum sucrose synthase; 

StEt, So/anum tuberosum ethylene receptor; StArf, S. Tuberosum ADP-ribosylation 

factor; MdOe, Malus domestlca oxygen evolving protein; NePh, vector-borne 

neomycin phosphotransferase; GFP, green fluorescent protein. ‘‘Indicates P<

0.01, “* indicates P < 0.005).
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2.4.6. Recovery of M. incognita J2s following removal of dsRNA

We investigated the ability of the soaked M. incognita J2s to recover from the 

observed phenotypic and migratory inhibition. The J2s were soaked as before, in a 

random selection of the 0.1 mg/ml non-nematode dsRNAs. Following the 24 h soak 

they were rigorously washed from the dsRNA and the recovery of normal sinusoidal 

posture and movement was observed over the following 48 h. Twenty-four hours 

after the J2s had been washed from the initial dsRNA soaks, those M. incognita 

soaked in LeCsrp (q = 5.22, P < 0.05) or LeGpb (g = 3.119, P > 0.05) displayed a 

lesser recovery than those soaked in LeCp (g = 11.88, P < 0.001) or StArf (q = 

21.75, P< 0.001). Between 24 h and 48 h post-soak, those nematodes soaked in 

LeCsrp (g = 25.33, P< 0.001), LeGpb (g = 19.21, P < 0.001) or StArf (q = 20.8, P< 

0.001) showed a much more significant recovery than those soaked in LeCp (g = 

4.32, P >0.05) dsRNA. On completion of the 48 h observation, recovery of the M. 

incognita J2s soaked in LeCsrp (g = 18.56, P < 0.001) or LeCp (g = 10.8, P < 0.001) 

was not complete, compared with those soaked only in water. In contrast, those 

nematodes soaked in LeGpb (g = 2.62, P > 0.05) or StArf (g = 5.020, P > 0.05) 

appeared to have recovered almost completely to display normal phenotype and 

behaviour (see Fig. 2.3.).
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dsRNA soak

Figure 2.3. Recovery of Meloidogyne incognita J2 posture and movement following 

24 h 0.1 mg/ml double-stranded (ds)RNA soak, relative to water soak controls. 

LeCsrp, Lycopersicon esculentum chloroplast-specific ribosomal protein; LeGpb, L. 

escuientum G-protein beta subunit; LeCp, L. esculentum C14 cysteine protease; 

StArf, S. fuberosum ADP-ribosylation factor. ***lndicates P < 0.005).

2.4.7. RT-PCR analysis of selected M. incognita genes following soaks in size- 

matched non-nematode dsRNAs

Transcript abundance of several endogenous genes from each of the two 

nematodes was examined first by semi-quantitative RT-PCR. In M. incognita, Mi-/3- 

actin, Mi-flp-12, Mi-flp-18 anti Mi-nlp-12 (neuropeptide-like peptide 12) transcripts 

were tested following soaks with each of the non-nematode dsRNA constructs, and 

revealed no difference in transcript abundance between those nematodes soaked in 

dsRNA and those soaked only in water (see Fig. 2.4.). In G. pallida, Gp-/3-actin, Gp- 

flp-6, Gp-flp-12 and Gp-flp-32 transcripts were analysed as before and again 

showed no difference in transcript abundance between those soaked in dsRNA and 

those soaked only in water (see Fig. 2.4.).
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Figure 2.4. Reverse transcriptase (RT)-PCR gel electrophoresis pictures of 

selected Globodera pallida (Gp) and Meloidogyne incognita (Mi) transcripts (named 

to the right of each row) following 24 h soaks in 0.1 mg/ml non-nematode double- 

stranded (ds)RNA or water control. Lane numbers correspond to distinct J2 

treatments (dsRNAs italicised; flp, FMRFamide-like peptide gene; nip, neuropeptide

like protein gene): (1) LeCsrp, Lycopersicon esculentum chloroplast-specific 

ribosomal protein (2) LeGpb, L esculentum G-protein beta subunit (3) LeCp, L. 

esculentum C14 cysteine protease (4) LeSs, L. esculentum sucrose synthase (5) 

SfEf, Solanum tuberosum ethylene receptor (6) StArf, S. Tuberosum ADP- 

ribosylation factor (7) MdOe, Malus domestica oxygen evolving protein (8) NePh, 

vector-borne neomycin phosphotransferase (9) GFP, (10) Water. Beta actin RT- 

PCR amplification corresponds to 25 cycles across both species. Gp-flp-12, Gp-flp- 

32, Mi-flp-18, and Mi-flp-12 amplification corresponds to 30 PCR cycles. Gp-flp-6 

and M/-n/p-72 amplification corresponds to 35 PCR cycles.
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2.4.8. Real-time qPCR analysis of selected M. incognita genes following soaks 

in size-matched non-nematode-derived dsRNAs

To ensure we had not missed any subtle changes in transcript abundance, real

time qRT-PCR was employed. In M. incognita, Mi-fi-actin (Fdf=9= 0.3848, P = 0.94), 

Mi-p-tubulin (Fdf=9= 0.584, P= 0.80), Mi-flp-12 (Fdf=9= 0.5660, P= 0.82) and Mi-flp- 

18 (Fdi=9 = 0.4470, P = 0.90) transcripts were quantified from J2s soaked in each of 

the nine size-matched, non-nematode dsRNA constructs. Expression of the genes 

relative to water control nematodes revealed no significant changes in transcript 

abundance. In G. pallida, Gp-p-actin (Fdf=9= 0.4598, P= 0.89), Gp-p-tubulin (Fdt=9 = 

0.5244, P= 0.85), Gp-flp-12 (Fdf=9= 0.4272, P= 0.91), and Gp-flp-14 (Fdf=9= 0.5006, 

P = 0.87) transcript abundance was also unchanged between nematodes soaked in 

the non-nematode dsRNAs, and thse soaked only in water (see Fig. 2.5.).
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Figure 2.5. Mean fold-change in selected gene transcripts relative to water-soaked 

controls following 24 h soak in 0.1 mg/ml double stranded (ds)RNA for Meloidogyne 

incognita (Mi] A-D) and Globodera pallida (Gp\ E-H) J2s. LeCsrp, Lycopersicon 

esculentum chloroplast-specific ribosomal protein; LeGpb, L. esculentum G-protein 

beta subunit; LeCy, L. esculentum Cl4 cysteine protease; LeSs, L. esculentum 

sucrose synthase; StEt, Solanum tuberosum ethylene receptor; StArf, S. tuberosum 

ADP-ribosylation factor; MdOe, Malus domestica oxygen evolving protein; NePh, 

vector-borne neomycin phosphotransferase; GFP, green fluorescent protein; flp, 

FMRFamide-like peptide.
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2.4.9. Time-dependency as a determinant of the non-nematode-derived 

dsRNA-induced phenotypic aberration

To probe the time-dependency of dsRNA exposure as a factor of the inhibitory 

phenomenon, M. incognita J2s were soaked in the same 0.1 mg/ml GFP and LeSs 

preparations as before, for only 4 h, and we found that the inhibition of normal 

motility and behaviour evident following 24 h soaks no longer persisted (g = 0.3496, 

P > 0.05 and q = 0.1941, P > 0.05, respectively). An additional test of the 

concentration-dependence of the phenomenon was conducted, such that M. 

incognita J2s were soaked for 4 h in a 10-fold increase of GFP or LeSs dsRNA to 1 

mg/ml. Not only did the increased amount of dsRNA impact phenotype in the 

soaked J2s, but the inhibition appeared to be qualitatively and quantitatively more 

severe than that first observed in M. incognita J2s soaked in 0.1 mg/ml GFP (q = 

9.883, P < 0.001) or LeSs (g = 4.779, P < 0.05) dsRNA for 24 h. To test the impact 

of dsRNA effective concentration on our observations, that is the relative ratio of 

available dsRNA to J2, both 0.1 mg/ml 24 h soaks and 1 mg/ml 4 h soaks with the 

GFP and LeSs dsRNA constructs were conducted using a ten-fold increase in M. 

incognita J2s for the same 50 pi total volume. We found that very similar inhibitory 

responses were evident, even with the increase in soaked J2s (g = 0.6725, P > 0.05 

and g = 1.040, P> 0.05, respectively) (see Fig. 2.6.).
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Figure 2.6. Mean percentage migration of Meloidogyne incognita J2s relative to 

water soak controls, following (A) 4 h and 24 h soaks in 0.1 mg/ml and 1 mg/ml GFP 

or Lycopersicon esculentum sucrose synthase (LeSs) double-stranded (ds)RNAs, 

and (B) mean percentage migration relative to water soaked controls of Globodera 

pallida J2s following 24 h soak in 0.1 mg/ml and 1 mg/ml GFP or LeSs dsRNA. 

‘‘‘Indicates P < 0.005).
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2.4.10. Ten-fold increase in non-nematode-derived dsRNA to 1 mg/ml 

promotes an inhibitory phenotype in G. pallida J2s

On soaking the G. pallida J2s in the 1 mg/ml GFP or LeSs dsRNA constructs, we 

note a potent inhibitory response presented by aberrant phenotype and migration, 

much like that observed in the initial 0.1 mg/ml non-nematode dsRNA soaks of M. 

incognita J2s. This was confirmed on challenging the soaked G. pallida J2s to a 

migration assay, where both those soaked in GFP(q = 26.11, P< 0.001) or LeSs {q 

= 11.16, P< 0.001) displayed significantly impaired migratory ability (see Fig. 2.6.).

2.4.11. Preliminary analysis of non-nematode-derived dsRNA soaks in the root 

knot nematode Meloidogyne minor reveals a similar inhibitory response

Efforts to investigate the presence of similar phenomena in other phytoparasitic 

nematodes are in progress. On soaking the root knot nematode M. minor With the 

same 0.1 mg/ml GFP dsRNA employed throughout this study, we find a comparably 

potent inhibitory response and phenotype aberration. Following rigorous 

observation of presented phenotype and migration in M. minor on soaking with the 

0.1 mg/ml GFP dsRNA construct, it became apparent that differences in expressed 

phenotypes existed between M. minor and both M. incognita and G. pallida. The 

predominant phenotype presented by M. minor J2s when soaked in GFP dsRNA is 

a straight paralysis, whereas in both M. incognita and G. pallida, the vast majority of 

J2s present with irregular kinked body or twitching phenotypes (see Fig. 2.7.).
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Figure 2.7. Analysis of presented phenotypes in (A) Meloidogyne minor, (B) 

Meloidogyne incognita and (C) Globodera pallida J2s following 24 h soak in 0.1 

mg/ml GFP double-stranded (ds)RNA or water control. Straight phenotype 

designated Poker straight. ‘‘‘Indicates P < 0.005).
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2.5. DISCUSSION

This work demonstrates the induction of an unexpected and undocumented 

inhibitory phenotype which presents in both M. incognita and G. pallida J2s on 

exposure to varying amounts of non-nematode dsRNA; as little as 0.1 mg/ml in the 

case of M. incognita. Published accounts of RNAi in both M. incognita and G. 

pallida have employed a range of different control strategies, each specifically 

adapted to the research goals and interests of the individual study. The first 

publication of RNAi in M. incognita, that of Rosso et al. (2005), employed a 4 mg/ml 

GFP-derived dsRNA as negative control for the specific knockdown of two 

subventral oesophageal gland transcripts, that of a calreticulin and a 

polygalacturonase. The authors report that the control dsRNA had no impact on 

transcript abundance; there were no reported observations of nematode phenotype 

or behaviour following dsRNA treatment. Subsequently, Bakhetia et al. (2005) 

deployed a 2 mg/ml GFP control which was reported to have no impact on 

transcript, phenotype or developmental fate. Shingles et al. (2007) later used M9 

buffer and octopamine as a negative control, with no non-nematode dsRNA, when 

silencing a cysteine protease with 2-5 mg/ml target-specific dsRNA. Transcript 

abundance, J2 infectivity (ability to infect and establish within adzuki bean plants) 

and roundness of developing females were used as parameters to examine 

specificity. In the first published application of in planta RNAi towards M. incognita, 

Yadav et al. (2005) transformed tobacco plants with an empty expression vector as 

negative control. Although the work was not conducted in a reverse-genetics 

context, phenotype of those nematodes developing in the control plants was used 

as a comparison for those developing in plants expressing dsRNA specific to a M. 

incognita integrase and splicing factor. Huang et al. (2006) conducted in vitro 

knockdown analysis of a targeted 16D10 parasitism gene in M. incognita, in addition 

to challenging the nematodes with transgenic Arabidopsis thaliana expressing the 

same dsRNA constructs. The negative control for in vitro examination took the form
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of soaks in resorcinol and water, or simply water alone; specific knockdown was 

then adjudged from transcript analysis and J2 infectivity (ability to infect and 

establish within Arabidopsis plants) following soaks in 1 mg/ml target-specific 

dsRNA. No non-nematode dsRNA was employed in vitro or in the transformed 

Arabidopsis.

The first published account of RNAi in the potato cyst nematode G. pallida, that 

of Urwin et al. (2002), controlled for specific cysteine protease knockdown through 

soaks containing FITC and octopamine. J2s treated with 2 - 5 mg/ml cysteine 

protease dsRNA were then analysed for changes in transcript abundance and 

developmental fate on subsequent plant infestation through comparison with the 

control nematodes. Finally, work published from our own laboratory during analysis 

of neuropeptide knockdown (Kimber et al., 2007), utilised a tomato chloroplast- 

specific ribosomal protein (LeCsrp) dsRNA as control and found it to have no 

negative impact on phenotype, motility or transcript abundance at 0.1 mg/ml or 

lower, an observation in agreement with the findings of this current study.

On application of simple RNAi soaking procedures previously established for the 

silencing of neuronal genes in G. pallida J2s (Kimber et al., 2007), we found that 

those M. incognita J2s which had been treated with 0.1 mg/ml negative control non

nematode dsRNA (between 10- to 50-fold less dsRNA than previously published for 

functional analysis by any other group), presented abnormally in both phenotype 

and migratory ability. This was in contrast to the observed response of G. pallida 

J2s when exposed to the same 0.1 mg/ml non-nematode control dsRNAs, which 

displayed no aberration of phenotype or behaviour, based on both our own and 

previously published observations (Kimber et al., 2007). To probe the dsRNA 

concentration-dependence of the phenomenon we conducted a dilution series of 

both the 229 bp and 486 bp MdCISR dsRNAs, and found that we could ameliorate 

the observed inhibition on decreasing the available dsRNA. No negative response, 

as adjudged by phenotypic observation and performance during migration assay,
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was observed in the M. incognita J2s on exposure to the 486 bp 1 pg/ml (100-fold) 

or 0.1 pg/ml (1000-fold dilution) MdCISR dsRNA, compared with those soaked only 

in water. Kimber et al. (2007) reported that potent, specific and physiologically 

relevant gene knockdown could be achieved with as little as 0.1 pg/ml target- 

specific dsRNA when silencing FLP transcripts in G. pallida J2s. This finding agrees 

with our own unpublished observations of FLP gene knockdown in M. incognita J2s, 

where 0.1 pg/ml dsRNA is also capable of eliciting potent knockdown of FLP 

transcripts. As we consider the specific knockdown of a targeted mRNA easily 

achievable with such a dilution of dsRNA, possibly through the amplification of 

nascent short interfering (si)RNAs by an RNA-dependent RNA polymerase (RdRP) 

and endogenous propagation of the secondary siRNAs (Aoki et al., 2007; Pak and 

Fire, 2007; Sijen et al., 2007), the observed abatement of phenotypic aberration on 

dilution of the non-nematode dsRNAs suggest that the antagonistic properties of the 

non-nematode dsRNAs elicit upstream of any siRNA amplification process. Abad et 

al. (2006) report that M. incognita encodes at least one putative homologue for each 

of the four RdRPs present in C. elegans, based on sequence similarity. It is 

possible that we observe a saturation of rate-limiting RNAi pathway components 

with the 0.1 mg/ml non-nematode dsRNA constructs in M. incognita J2s, such that 

processing by dicer becomes suboptimal on introduction of biologically superfluous 

dsRNA and inhibits normal processing of endogenous siRNAs, micro (mi)RNAs and 

other small non-coding (nc)RNA species. This pathway quenching phenomenon 

could then be lost on further dilution, such that endogenous small ncRNAs are able 

to adequately compete for available RNAi pathway components. By extension of 

this argument, RNA induced silencing complex (RISC) saturation could present 

another pathway bottle-neck, rescued on dilution of the negative control dsRNA.

The literature points to a high degree of sequence-related competition between 

siRNAs, therefore siRNAs evolved from the non-nematode dsRNA construct may 

outcompete endogenous siRNAs or miRNAs for access to pathway components
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such as RISC, leading to inhibition of normal nematode biology (Yoo et al., 2008). 

Also, if siRNAs evolved from the non-nematode dsRNA do not well match a cognate 

mRNA, they may bind antagonistically to available RISC, inhibiting or slowing the 

rate of reloading with physiologically relevant small ncRNAs with legitimate 

biological targets.

It is not yet clear how RISC reloading is triggered, but two models for target 

recognition and cleavage by Argonaute (AGO) proteins (which possess the “sheer'’ 

activity in active RISC) have been proposed based on crystal structures of DNA 

bound Thermus thermophilus AGO, which may provide insight (Wang and Reinke, 

2008; Wang et al., 2008; Jinek and Doudna, 2009). (i) “The fixed-end model” posits 

that both ends of a guide RNA remain bound to the AGO during target cleavage, 

topologically limiting guide-target interaction to a single helical turn, roughly bp 2 - 8, 

the “seed region”. By contrast, (ii) “The two-state model” suggests that the mRNA 

target is bound by the guide RNA seed region, followed by progressive release of 

the guide 5’ to 3’ from the AGO, and propagative binding of guide RNA to the target. 

It is possible that cleavage of both the guide and target at this stage could initiate 

emptying of the AGO (and RISC) as thermodynamic stability between AGO and 

guide RNA would already have been significantly reduced by target binding, or that 

the guide RNA simply dissociates with the cleaved target. If this was a genuine 

mechanism of release we would postulate that RISCs incorporated with non- 

targeted guide RNAs may be “tied-up”, with the AGOs unable to recycle the bound 

RNA due to reduced target affinity. However, this may be unlikely as more 

widespread non-nematode dsRNA toxicity events have not been reported, although 

it seems likely that increasing available concentration of dsRNA would exacerbate 

the situation and increase likelihood of such an event. Indeed, dsRNA 

concentration-dependent aberrations have been reported in C. elegans when 

exposed to unfavourable conditions, and in mutant contexts (Han et al., 2008)
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Evidence for a saturation hypothesis was found during hairpin (hp)RNA 

expression studies in mice, when saturation of the endogenous RNAi pathway 

resulted in mouse fatality (Grimm et al., 2006; Snove and Rossi, 2006). Although 

we see recovery of M. incognita J2s on removal of the dsRNAs, we could be dealing 

with a related problem. It is not immediately clear if the hpRNA-induced fatality of 

mice was due to dsRNA expression driven within the nucleus itself, and saturation of 

exportin-5-mediated transport of ncRNAs to the cytosol, or due to saturation of 

cytosolic pathway components; regardless of specific mechanism, it remains 

plausible that general saturation of the RNAi pathways could indeed be responsible 

for the observed aberration in these nematodes.

On further analysis of dsRNA size and its impact on the observed phenomenon, 

a small but significant discrepancy between the recovery of motor function and 

normal phenotype of those M. incognita soaked in dilutions of the two different sized 

MdCISR dsRNAs (229 bp and 486 bp) was evident, with the smaller 229 bp 

construct inducing the more severe phenotypic aberration. It seems possible that 

the longer dsRNA may not be assimilated as readily by the nematode, be that due to 

issues with environmental uptake, as has been suggested previously (Urwin et al., 

2002), or propagation of the silencing trigger endogenously. Such an observation 

further suggests that the observed phenomenon of phenotypic inhibition requires 

uptake and is not due to external influence of the dsRNA. The same size- 

dependency of the phenotypic inhibition was observed on examination of M. 

incognita J2 migratory ability when soaked in the different sized LeGpb dsRNAs. A 

larger 360 bp construct induced a less severe inhibitory response compared with a 

smaller 223 bp construct. The majority of the initial non-size-matched dsRNA set 

were slightly larger than the size-matched equivalents. Although we observed a 

consistently lower migratory ability in nematodes soaked in the smaller constructs, 

statistical significance was only found when comparing performance of the J2s 

soaked in the MdCISR and LeGpb dsRNAs, both of which were at least 140 bp
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larger than the size-matched equivalent. Both examples of the MdCISR and LeGpb 

dsRNA size-dependency provide a compelling argument for size-matching dsRNA 

constructs if they are to be employed comparatively, as the perceived impact of the 

dsRNA could be confounded by issues of differential uptake or propagation. Shih et 

al. (2009) report that smaller dsRNAs accumulate in Drosophila cells quicker than 

long dsRNAs when engineered to express the C. elegans transmembrane dsRNA- 

transporter SID-1. This may further provide an explanation for the observed 

discrepancy in response to control dsRNAs between M. incognita and G. pallida, in 

that G. pallida J2s may be less capable of absorbing and/or propagating the 

environmental dsRNA than M. incognita J2s, explaining the need for increasing 

available dsRNA to elicit a comparable response in G. pallida. Indeed, when we 

consider the relative sizes of the three nematode species discussed here, a 

correlation may exist between size of the nematode and the severity of non

nematode dsRNA impact, perhaps as a result of dsRNA propagation considerations. 

Globodera pallida J2s, the largest of the three (486 ± 23 pm in length), requires the 

highest concentration of non-nematode dsRNA to elicit the inhibitory phenotype. 

Conversely, M. minor J2s (377 ± 8 pm in length), the smallest PPN we consider 

here, presents with a straight phenotype (unlike G. pallida and M. incognita J2s 

which display aberrant twitching phenotypes), which appears consistent with a more 

severe inhibitory impact.

The study of neuropeptide function through RNAi may afford the investigator a 

unique opportunity to edify any such mechanisms. As we see what is considered a 

specific in vitro phenotype in response to FLP knockdown (straight), and we also 

observe recovery of both M. incognita and G. pallida J2s following removal of the 

dsRNA stimulus, we could then track recovery of transcript, peptide and phenotype 

following removal of the dsRNA. Presuming that any non-specific effects propagate 

at a different rate to normal RNAi function, as we believe specific knockdown and 

induction of this inhibitory phenotype to act by distinct mechanisms, possibly at
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different steps of the RNAi pathway, we would then be able to validate the 

correlation between phenotype, transcript and peptide recovery at a range of dsRNA 

sizes and concentrations. We would consider this, where possible, a useful form of 

gene silencing control in PPNs. However, whilst non-correlation of phenotype, 

transcript and peptide recovery between different dsRNA preparations may suggest 

the activity of other non-specific mechanisms, a positive correlation between these 

parameters may still not preclude the possibility of non-specific impact. It may not 

be possible to delineate between distinct interventions in this way, i.e. specific 

neuropeptide knockdown and pathway saturation could share the same endpoint, a 

straight phenotype, and could operate along similar timelines; further investigation is 

needed to delineate potential mechanisms in this way.

Biochemical properties of the individual nematode RNAi pathway components 

may account for differences in reaction rates and the observed saturation may also 

be due to the inherent character of their unique pathway and its ability to process 

exogenously introduced dsRNA. Genome annotation efforts have revealed 

differences in both the complement and identity of RNAi pathway genes across 

various nematode clades (e.g. B. malayi, Ghedin et al., 2007; M. incognita, Abad et 

al., 2008; Pristionchus pacificus, Dieterich et al., 2008; Meloidogyne hapla, 

Opperman et al., 2008). It thus remains to be seen if this type of diversity can 

account for the observed discrepancies across different species. Unfortunately, 

detailed molecular and functional characterisation of any PPN RNAi pathway 

remains conceivably a long way off, not least because null mutation of RNAi 

pathway genes, as commonly applied to C. elegans, is not possible in PPNs. 

Therefore, it may be difficult to accurately ascertain RNAi pathway gene function in 

the context of loss-of-function data derived from RNAi screens, as interference with 

crucial pathway components may attenuate RNAi efficacy. Abad et al. (2008) offer 

a sequence similarity-based comparison of major RNAi pathway components 

between M. incognita and C. elegans, providing a useful starting point for functional
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analyses of these pathway components. Off-target RNAi represents an alternative 

mechanistic explanation for the phenotypic impact of non-nematode dsRNAs 

(Birmingham et al., 2006; Fedorov et al., 2006; Jackson et al., 2006). Flowever, an 

exhaustive study of off-target impacts would require microarray and global 

proteomic analysis, as putative miRNA-like activity of mismatched siRNAs would 

theoretically lead to translational repression rather than enzymatic cleavage of the 

cognate mRNA (Bartel, 2004, 2009; Baek et al., 2008). Global proteomics are not 

commonly applied to the validation of gene silencing in PRNs. Flowever, LaCourse 

et al. (2008) report that two-dimensional SDS-PAGE may provide a useful recourse 

for such analyses, as it has proved a success for similar studies in C. eiegans.

BLASTn analysis of sequence identity between the employed non-nematode 

dsRNAs and identifiable M. incognita and G. pallida sequences currently provides 

an insufficient basis to suspect off-target RNAi as a major determinant of this 

inhibitory phenomenon. Whilst some sequence similarity does exist between the 

dsRNA constructs and endogenous nematode transcripts which could potentially 

impact on neuromuscular function, these similarities are as extensive in G. pallida 

as in M. incognita. Flowever, we must consider that differences in dsRNA uptake, 

endogenous propagation, and/or pathway efficiencies and plasticity could influence 

the prominence of any such off-target effects. Although we observe potent 

knockdown of target transcripts with relatively low dilutions of dsRNA (Kimber et al., 

2007), we cannot be sure of how secondary amplification by RdRPs (if such a 

mechanism is functional in these nematodes) may impact this outcome relative to 

mechanisms inherent to off-target RNAi. All the reported sequence similarities could 

potentially contain central mismatches, which theoretically inhibit cleavage by RISC, 

and occur within predicted open reading frames (ORFs) of the respective transcripts 

which are reported to inhibit translational suppression, with most miRNA targets 

reported in the 3’ and to a lesser extent 5’ untranslated region (UTR) of transcripts 

(Gu et al., 2009).

84



Chapter 2: Non-nematode-derived long dsRNAs

We found that transcript levels of all examined non-target endogenous genes 

were unaffected by any of the non-nematode dsRNAs through RT-PCR and/or real

time qPCR analyses. Whilst it is entirely possible that the observed inhibitory 

phenomenon is due to the modulation of a small subset of mRNA transcripts, 

through enzymatic cleavage or translational suppression, these data show that there 

is no global depression in transcript abundance. This finding agrees with all 

previously published accounts of gene silencing in both M. incognita and G. pallida.

Another potential explanation for the observed aberration in M. incognita and G. 

pallida J2s pertains to the in vivo toxicity of certain RNA motifs. An example of such 

may have been presented by Ma et al. (2006) when they suspected that 

trinucleotide CAN repeats were responsible for off-target effects during RNAi 

screens. However, it was later shown by Li et al. (2008) that CAG RNA repeats 

account for a significant proportion of the toxicity commonly associated with 

polyglutamine disorders, which leads to neurodegeneration. Ma et al. (2006) make 

no reference to the possibility of RNA-sequence-related toxicity and so this may be 

a contributory factor of the reported off-target events. Although we have no basis to 

suspect a similar mechanism in nematodes, none of the non-nematode dsRNAs 

employed within this study contain CAN repeats such as present in the dsRNAs of 

Ma et al. (2006). Toxic siRNA motifs have also been identified in the literature 

(Federov et al., 2006), and thus it is possible that the non-nematode dsRNA 

constructs employed in this study may contain uncharacterised toxic motifs or 

structures, the impact and/or biological function of which may be lost on dilution.

Naturally, the biogenesis of small ncRNA species like siRNAs and miRNAs is 

tightly coupled with guide RISC incorporation and in some cases elements of the 

biosynthetic pathway are themselves incorporated into the active or “holo-RISC” 

(Jinek and Doudna, 2009). We are yet to consider the implications of omitting the 

natural biosynthetic route to RISC on experimentally introducing exogenous siRNA, 

so attempting to dissect underlying mechanisms of toxicity or saturation caused by
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long dsRNAs may prove difficult to interpret using discrete siRNAs or miRNAs. We 

may thus require novel approaches to define underlying mechanisms of the 

phenomenon described here.

We believe that an element of standardisation is required in the control of RNAi- 

based reverse genetics if it is to be employed comparatively (or at all) with any real 

confidence and further, that this body of work presents a relevant and demonstrative 

argument for such an approach. Whilst few would argue that it is impossible to 

analyse all the variables associated with experimentation of this nature, the most 

obvious indicator of nematode response to any form of manipulation is phenotype 

and behavioural alteration. We propose that future efforts to probe gene function in 

PRNs using RNAi should involve a more rigorous analysis of nematode phenotype 

in an attempt to expose confounding issues.
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3.1. ABSTRACT

The analysis of gene function through RNA interference (RNAi)-based reverse 

genetics in plant parasitic nematodes (PRNs) remains inexplicably reliant on the use 

of long double-stranded RNA (dsRNA) silencing triggers; a practice inherently 

disadvantageous due to the introduction of superfluous dsRNA sequence, 

increasing chances of aberrant or off-target gene silencing through interactions 

between nascent short interfering RNAs (siRNAs) and non-cognate mRNA targets. 

Recently, we have shown that non-nematode, long dsRNAs have a propensity to 

elicit profound impacts on the phenotype and migrational abilities of both root knot 

and cyst nematodes. This study presents, to our knowledge for the first time, gene- 

specific knockdown of FMRFamide-like peptide (flp) transcripts, using discrete 21 nt 

siRNAs in potato cyst nematode Globodera pallida, and the root knot nematode 

Meloidogyne incognita infective (J2) stage juveniles. Both knockdown at the 

transcript level through quantitative (q)PCR analysis and functional data derived 

from migration assay, indicate that siRNAs targeting certain areas of the 

FMRFamide-like peptide (FLP) transcripts are potent and specific in the silencing of 

gene function. In addition, we present a method of manipulating siRNA activity 

through the management of strand thermodynamics. Initial evaluation of strand 

thermodynamics as a determinant of RNA-Induced Silencing Complex (RISC) 

strand selection (inferred from knockdown efficacy) in the siRNAs presented here 

suggested that the purported influence of 5’ stand stability on guide incorporation 

may be somewhat promiscuous. Flowever, we have found that on strategically 

incorporating base mismatches in the sense strand of a G. pa///da-specific siRNA, 

we could specifically increase or decrease the knockdown of its target (specific to 

the antisense strand), presumably through creating more favourable thermodynamic 

profiles for incorporation of either the sense (non-target specific) or antisense 

(target-specific) strand into a cleavage-competent RISC. Whilst the efficacy of 

similar approaches to siRNA modification has been demonstrated in the context of
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Drosophila whole cell lysate preparations and in mammalian cell cultures, it 

remained to be seen how these sense strand mismatches may impact on gene 

silencing in vivo, in relation to different targets and in different sequence contexts. 

This work presents the first application of such an approach in a whole organism; 

initial results show promise.
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3.2. INTRODUCTION

Plant parasitic nematodes (PPNs) impose a significant economic burden on 

plant cultivation efforts worldwide through reductions in yield and quality; current 

best estimates predict losses across all sectors of approximately $125 billion 

annually (Bird and Kaloshian, 2003; Chitwood, 2003). As a result of their obligate 

sedentary parasitism in plant root vascular tissue, root knot (Meloidogyne spp.) and 

cyst (Heterodera and Globodera spp.) nematodes comprise the most severe 

antagonists. The nematode feeding site within the root swells in response to 

parasitism factors secreted from the nematode pharyngeal glands and impedes 

normal vascular activity (Gheysen and Fenoll, 2002; Bird, 2004; Caillaud et al., 

2008), which results in systemic nutritional deficiency and reduced vigour of the 

plant host. Conventionally, an integrated approach to PPN management has relied 

heavily on the utility of nematicides, which although increasing the costs associated 

with plant cultivation significantly, remain the only viable option for adequate control. 

As environmental concerns rise over the systemic effects of sustained nematicide 

use, withdrawal has left a significant shortcoming in our ability to manage this 

problem and highlights the need for novel and robust control methods.

The RNA interference (RNAi) pathway elicits sequence-specific silencing of 

targeted mRNA transcripts through the introduction of homologous double stranded 

(ds)RNA. Therefore, RNAi represents an attractive prospect as a reverse genetics 

tool, especially in dealing with parasitic species difficult to culture and manipulate at 

a genetic level. RNAi offers the ability to disrupt the expression of individual genes 

and consequently the exposition of novel molecular traits which could be targeted by 

therapeutics. Moreover, the application of RNAi in planta towards the control of 

PPNs may prove a useful counterweight as part of an integrated approach to 

management (Huang et al., 2006; Steeves et al., 2006; Yadav et al., 2006; Fairbairn 

et al., 2007; Sindhu et al., 2009), through stable transformation of the plant and 

production of nematode-specific dsRNAs in the saleable crop or trap crops.
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The efficacy of gene silencing has been demonstrated previously in both 

Globodera pallida (Urwin et al., 2002; Kimber et al., 2007) and Meloidogyne 

incognita (Bakhetia et al., 2005; Rosso et al., 2005; Shingles et al., 2006) using long 

dsRNA silencing triggers. As yet there is no published account of short interfering 

(si)RNA utility for the study of gene function in these nematodes, or indeed any 

PPN. siRNA-mediated gene silencing has been attempted in a few animal parasitic 

nematode species, to varying effect. Issa et al. (2005) report that siRNAs targeted 

to a ubiquitin resulted in a significant and specific reduction in transcript abundance, 

and a pronounced developmental lag in Trichostrongylus colubriformis Lis; these 

effects were considerably more profound on electroporation (Issa et al., 2005). By 

contrast, the intestinal nematode Heligmosomoides polygyrus did not present with a 

specific phenotype on electroporation of tropomyosin-specific siRNAs, nor was 

tropomyosin mRNA abundance reduced.

Unfortunately, specific knockdown as a principle of RNAi belies the process in 

practice. Many now ascribe a cautionary approach to functional genetics conducted 

thus, due to the apparent relaxation of exact homology requirements for knockdown 

in many biological systems, including parasitic nematodes (Jackson et al., 2006; 

Lendner et al., 2008). Furthermore, our recent demonstration of the impact of non

nematode derived, long dsRNAs on root knot and cyst nematode phenotypes, calls 

into question our ability to rely on selective transcript knock-down by long dsRNAs 

as being the unequivocal trigger for observed phenotypic impacts on PPNs (Chapter 

2). This undermines the reliability of gene function determinations in PPNs which 

are based on long dsRNAs. When considering these elements of uncertainty 

together, it seems logical to minimize both the size and concentration of the dsRNA 

employed in RNAi experiments.

To this end, we evaluated the performance of discrete 21 bp siRNAs, spanning 

FMRFamide-like peptide (flp) transcripts; five siRNAs against Gp-flp-12 in G. pallida, 

and five siRNAs against Mi-flp-18 in M. incognita. In addition, we tested the efficacy
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of randomized and non-specific siRNAs as negative controls. FLPs comprise the 

largest known family of neuropeptides in nematodes, and play crucial and diverse 

roles in the modulation of behaviour, motor and sensory functions, feeding and 

reproduction. In contrast, vertebrate FLPs appear considerably less abundant and 

have a much more focused functional remit. Accordingly, these peptides and their 

associated processes have considerable appeal as potential control targets for 

parasitic helminths (Maule et al., 2002; Mousley et al., 2005; McVeigh et al., 2006).

Following simple soaking protocols we compared knockdown at transcript level 

by quantitative (q)PCR, and the physiological impact of knockdown through 

migration assay. Our results indicate that with certain siRNAs we can easily achieve 

significant and specific knockdown. However, we also present findings of a single 

siRNA which elicits non-target gene knockdown and an aberrant phenotype in both 

G. pallida and M. incognita J2s.

siRNA strand selection and incorporation into a RNA-Induced Silencing Complex 

(RISC) is thought to be mediated by helical thermodynamics (Schwarz et al., 2003), 

in that the strand with the lowest thermodynamic stability at its 5’ is predominantly 

selected as a guide for incorporation into RISC. We present a simple technique 

which may allow the investigator to influence the degree of knockdown achieved by 

a selected siRNA, through incorporating base mismatches into the sense (non- 

mRNA specific) strand of the siRNA helix, consequently decreasing 5’ or 3’ 

thermodynamic stability. Although the efficacy of similar strategies has been 

reported previously in the context of Drosophila whole-cell lysates (Schwarz et al., 

2003) and mammalian cell preparations (Ding et al., 2008; Sano et al., 2008), to our 

knowledge this is the first reported example of such an approach in a whole 

organism.
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3.3. MATERIALS AND METHODS

3.3.1. Nematode collection

Globodera pallida (pathotype Pa2/3) were collected from cultures of the potato 

cultivar Cara maintained at the Agri-Food and Biosciences Institute (AFBI), Belfast, 

Northern Ireland. Infective J2 stage nematodes were hatched from the cysts in 

potato root diffusate under complete darkness at room temperature, washed in 

DEPC (Diethylpyrocarbonate)-treated water and used immediately for siRNA 

soaking.

Meloidogyne incognita were maintained on cultures of susceptible tomato 

species under greenhouse conditions. Roots were harvested from infected plants 

and washed rigorously in water. Subsequently, egg masses were removed by brief 

dissolution in sodium hypochlorite (2.5% v/v), and the free eggs washed thoroughly 

in water. Eggs were isolated by sequential washing through a series of nested 

sieves, and placed in tomato root diffusate under complete darkness at room 

temperature. Freshly hatched J2 stage nematodes were taken immediately for 

siRNA soaking.

3.3.2. short interfering (si)RNA synthesis

siRNAs 1 - 4 of each species set, together with Gp-flp-12 siRNA 1a and Gp-flp- 

12 siRNA 1b, were synthesised using the S/Vencer® siRNA Construction Kit (Applied 

Biosystems), and aliquots were stored at both 4-7°C, and -SOX until required. 

Freezing aliquots was initially avoided in an effort to maintain the integrity of 3’ 2 

nucleotide (nt) overhangs, however we did not find any obvious reduction in siRNA 

knockdown efficacy following up to three cycles of freeze-thaw under our standard 

experimental conditions (siRNA dilutions were not freeze-thawed). siRNA 5 from 

each set was custom designed and synthesised by Ambion, together with each 

species-specific randomized control (siRNA C) (see Table 1 for siRNA sequences).
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Table 3.1 Globodera pallida (Gp)-flp-12 and Meloidogyne incognita (Mi)-flp-18 

short interfering (si)RNA sequences; mismatches are shown in lower case where 

appropriate.

Gene (GenBank accession number) Species siRNA strand sequence (S: 5' - 3’; A: 3’ - 5’)

Gp-flp-12 siRNA 1 G. pallida S: UGAACGGAGUUGAUGGGGAUU
(AJ300488) A: UUACUUGCCUCAACUACCCCU

Gp-flp-12 siRNA 1a G. pallida S: aGAACGGAGUUGAUGGGGAUU
(derived from AJ300488) A: UUaCUUGCCUCAACUACCCCU

Gp-flp-72 siRNA 1b G. pallida S: UGAACGGAGUUGAUGcGGAUU
(derived from AJ300488) A: UUACUUGCCUCAACUACCCCU

Gp-flp-12 siRNA 2 G. pallida S: CGCUUCUGAUGCUGUCGGGUU
(AJ3004881 A: UCGCGAAGACUACGACAGCCC

Gp-f/p-12 siRNA 3 G. pallida S : GGAAUCCCGACUUUUGGGCUU
(AJ300488) A: UACCUUAGGGCUGAAAACCCG

Gp-/?p-f2 siRNA 4 G. pallida S: AGAUGCUCCCAUCGUCCCCUU
(AJ300488) A: UCUCUACGAGGGUAGCAGGGG

Gp-flp-12 siRNA 5 G. pallida S: AC GAC C GAC CAAUGAACGGUU
(AJ300488) A: UUUGCUGGCUGGUUACUUGCC

Gp-flp-12 siRNA C G. pallida S: GUACAUUUAAC GC CAGC C UUU
(AJ3004881 A: UUCAUGUAAAUUGCGGUC GGA

Mi-flp-18 siRNA 1 M. incognita S: GCCGAUUUAAUGAACAAUUUU
(AY7290221 A: UACGGCUAAAUUACUUGUUAA

Ml-flp-18 siRNA 2 M. incognita S: UU GCAAAU GGAGAGGC GGGUU
(AY729022) A: UUAACGUUUACCUCUCCGCCC

M/-flp-78 siRNA 3 M. incognita S: CAAUUUUGGAGGAC CUAGUUU
(AY729022) A: UUGUUAAAACCUCCUGGAUCA

Ml-flp-18 siRNA 4 M. incognita S: GAAUGCCUCAAGUCCUCC GUU
(AY729022) A: UUCUUACGGAGUUCAGGAGGC

Mi-flp-18 siRNA 5 M. incognita S: AU GGAGAGGC GGGU CAUAAUU
(AY729022) A: UUUACCUCUCCGCCCAGUAUU

Mr-flp-78 siRNA C M. incognita S: GUACAUUUAAC GC CAGC CUUU
(AY729022) A: UUCAUGUAAAUUGCGGUC GGA

flp, FMRFamide-like peptide; S, sense; A, antisense; C, control.

3.3.3. siRNA soaks for quantitative (q)PCR analysis

Approximately 300 nematodes each of 6. pallida and M. incognita were soaked 

in 0.1 mg/ml siRNA diluted with DEPC-treated spring water to 50 pi total volume for 

24 h. Control nematodes were soaked in 50 pi DEPC-treated spring water, again 

for 24 h. Soaks were carried out in duplicate, at room temperature in 

hydrophobically-lined, 1.5 ml microcentrifuge tubes (Anachem, Bedfordshire, UK).
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Following the 24 h soak period, nematodes were washed three times in DEPC- 

treated spring water and mRNA extracted with the Dynabeads mRNA DIRECT™ Kit 

(Invitrogen Dynal AS), and treated with DNase I (Invitrogen). mRNA concentrations 

were equalised to a 20 ng total between replicates following spectrophotometric 

quantification at 260 nm using NanoDrop™ 1000 (NanoDrop Technologies), and 

used as template for cDNA synthesis by Superscript™ II RNase H-Reverse 

Transcriptase, with an Oligo (dT) 12-18 primer and 10 mM dNTP Mix (Invitrogen). 

The resultant cDNAs was used in triplicate qPCR reactions to analyse selected 

transcript levels post-soak (see Table 2 for primer sequences). qPCR was 

conducted using the Platinum®SYBR®Green qPCR SuperMix-UDG kit (Invitrogen). 

Primer sets to be used for qPCR were optimised for working concentration, 

annealing temperature and analysed by dissociation curve for contamination or non

specific amplification by primer-dimer as standard. The PCR efficiency of each 

specific amplicon was calculated (Schmittgen and Livak, 2008) and used in the 

relative quantification of targets by the augmented comparative Ct method of Pfaffl 

(2001). Fold-change in transcript abundance was calibrated against water soaked 

nematodes and data were analysed by ANOVA and Tukey’s Honestly Significant 

Difference (HSD) test using SPSS 16.0 package for Windows (SPSS Inc., IL, USA).
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Table 3.2. Primer sequences used for quantitative (q)PCR analysis of selected 

Globodera pallida and Meloidogyne incognita transcripts. Forward (F) and reverse

(R) oligonucleotide sequences given 5’ - S’.

Gene (GenBank accession number)

Construct size

Species Oligonucleotide sequence

P-tubulin G. pallida F: CTTACGGCGATCTCAACCA
(AY689396) R: CTTGGTCAGTTCCGCTACAG
257 bp

FMRFamide-like peptide 12 G. pallida F: CACTCCTTCTGGTCACATTGG
(AJ3004881 R: GCGGAAAAGACGATAGAACG
254 bp

p-actin G. pallida F: CCGAGAAAAGATGACCCAAA
(CV5793731 R: AAGGAGTAACCACGCTCAGTG
253 bp

FMRFamide-like peptide 14 G. pallida F: CATCTTCCTCCTCTGTTGACC
(AJ310668) R: CCTCAGGTATTCGTGCTTCC
248 bp

P-tubulin M. incognita F: TGGAAAGTATGTCCCAAGAGC
fCN443135) R: CACCACCAAGCGAGTGAGT
257 bp

FMRFamide-like peptide 18 M incognita F: CTGGGGTACTTCGATTTGGT
(AY729022) R: GCGGAAAAGACGATAGAACG
254 bp

P-actin M. incognita F: GACTTGGCAGGACGTGATTT
(BE2254751 R: ACTGTTCGCTAGGAACTCAG
253 bp

FMRFamide-like peptide 12 M. incognita F: TCAACTTATGGGGGCAATG
(AY8041871 R: CAACATTTATTGAGTGAGTTCCAA
248 bp

3.3.4. Analysis of siRNA impact on phenotype and motor function by 

migration assay

Approximately 300 J2 nematodes of G. pallida, and M. incognita were soaked in 

0.1 mg/ml of siRNA diluted with DEPC-treated spring water to a final volume of 50 pi 

for 24 h. Control nematodes were soaked in 50 pi DEPC-treated spring water for 24 

h. Soaks were carried out in triplicate, at room temperature in hydrophobically-lined, 

1.5 ml microcentrifuge tubes (Anachem). Following the 24 h soak, nematodes from 

each of the preparations were subjected to a migration assay. The soaked 

nematodes were added by pipette to a column of washed, moistened USGA (US 

Golf Association) specification (grain diameter 0.25 -1.0 mm) sand, and held in a
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glass tube (sand column length 80 mm, diameter 5 mm) by washed nylon muslin. 

The glass tube sand column was retained vertically in a glass vial containing 1 ml 

potato (for G. pallida), or tomato (for M. incognita) root diffusate which covered the 

base of the glass tube and sand column. The number of nematodes able to 

complete migration of the sand column was counted every hour for a total of 4 h. 

Following completion of the 4 h period, nematodes unable to complete the migration 

were washed out of the glass tube together with the sand column, isolated by 

sucrose centrifugation and counted. Nematode counts were expressed as 

percentage of nematodes added, arcsine transformed and analysed by one-way 

ANOVA, and Tukey’s HSD tests using the SPSS 16.0 package for Windows (SPSS 

Inc., Chicago, IL, USA); probabilities of less than 5% (P < 0.05) were deemed 

statistically significant. Migration percentages of water soaked J2s were 

standardised to 100% and, subsequently, migration percentages of dsRNA-soaked 

J2s were expressed relative to the water-soaked controls.
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3.4. RESULTS

3.4.1. Real-time qPCR analyses of target and selected non-target gene 

transcripts in G. pallida following 24 h soak in 0.1 mg/ml siRNA

Gp-flp-12 siRNAs 1 (q = 14.33, P < 0.001), 2 (q = 5.627, P < 0.01) and 4 (q = 

20.49, P< 0.001) yielded a significant level of target mRNA knockdown in G. pallida 

J2s (75.52 ± 5.91-, 29.57 ±7.39-, and 107.98 ± 15.513-fold reductions in Gp-flp-12 

abundance, respectively). Although Gp-flp-12 siRNA 5 delivered a mean 19.35 ± 

1.71-fold knockdown of Gp-flp-12 mRNA, this was not adjudged statistically 

significant (q = 3.673, P > 0.05). Gp-flp-12 siRNA 3 (q = 0.00246, P> 0.05) did not 

lead to any significant decrease in target transcript. All Gp-flp-12 siRNAs, with the 

exception of Gp-flp-12 siRNA 4 (and siRNA 3 which had no effect) were deemed 

specific, as no significant deviation in non-target gene transcript abundance was 

observed following siRNA soak. Gp-flp-12 siRNA 4 induced reductions in all tested 

transcripts; a 31.27 ± 1.99-fold reduction of Gp-/3 actin (q = 45.95, P < 0.001), 16.12 

± 0.37-fold reduction of Gp-/3 tubulin (q = 54.32, P <0 .001), and an 8.67 ± 1.42-fold 

decrease in Gp-flp-14 transcript abundance (q = 17.63, P < 0.001) (Fig. 3.1.).
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Figure 3.1. Mean fold-change in selected Globodera pallida (Gp) gene transcripts; 

(A) Gp-flp-12, (B) Gp-/3 actin, (C) Gp-/3 tubulin and (D) Gp-flp-14 following 24 h 0 1 

mg/ml short interfering (si)RNA soak, relative to water soak controls, flp, 

FMRFamide-like peptide. ***P < 0.005.
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3.4.2. Real-time qPCR analyses of target and selected non-target gene 

transcripts in M. incognita following 24 h soak in dilutions of siRNA

Mi-flp-18 siRNAs 1 (q = 44.56, P < 0.001), 3 (q = 20.55, P < 0.001) and 5 (q =

21.03, P < 0.001) induced significant reductions in target transcript over the 24 h 

soak period. Mi-flp-18 siRNA 1 was the most active of the set (q= 24.01, P < 0.001), 

yielding a 36.05 ±1.2-fold decrease in Mi-flp-18 transcript relative to those 

nematodes soaked only in water. Mi-flp-18 siRNAs 2 (q = 0.076, P > 0.05) and 4 (q 

= 0.95, P >0.05) did not elicit any significant reduction of target transcript. None of 

the M-f/p-78-specific siRNAs induced knockdown of the endogenous control genes, 

nor did 6. pallida specific Gp-flp-12 siRNAs 1,2, 3, or 5 (P > 0.05). Surprisingly 

however, Gp-flp-12 siRNA 4 did elicit non-specific knockdown of all tested gene 

transcripts in M. incognita J2s, as was the case with G. pallida J2 soaks.

Knockdown of the M. incognita genes varied with the target, resulting in a 2.08 ± 

0.39-fold decrease in Mi-flp-12 (q = 7.026, P < 0.001), a 3.48 ± 0.41-fold decrease in 

Mi-/3 tubulin (q = 10.46, P < 0.001), a 3.95 ± 0.66-fold decrease of Mi-flp-18 (q = 

4.918, P < 0.05), and a 7.78 ± 1.45-fold decrease of Mi-p actin (q = 15.06, P <

0.001) (Fig. 3.2.).
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Figure 3.2. Mean fold-change in selected Meloidogyne incognita (Mi) gene 

transcripts; (A) Mi-flp-18, (B) Mi-p actin, (C) Mi-p tubulin and (D) Mi-flp-12 following 

24 h 0.1 mg/ml short interfering (si)RNA soak, relative to water soak controls, flp, 

FMRFamide-like peptide. *P < 0.05, ***P < 0.005.

108



Chapter 3: siRNA-mediated gene silencing

3.4.3. siRNA-mediated transcript knockdown in G. pallida J2s on serial 

dilution

The two most active Gp-flp-12 siRNAs were selected for appraisal of knockdown 

efficacy following a series of dilutions. Gp-flp-12 siRNA 1 yielded a mean 84.46 ± 

3.29-fold decrease of target transcript from 0.1 mg/ml - 0.1 pg/ml siRNA. On further 

dilution to 10 ng/ml (10,000-fold), 1 ng/ml (100,000-fold) and 10 pg/ml (1,000,000- 

fold) Gp-flp-12 knockdown was no longer statistically significant (q = 0.764, P> 0.05; 

q = 0.760, P > 0.05; and q = 0.0045, P > 0.05, respectively). Gp-flp-12 siRNA 4- 

mediated knockdown followed a different dilution dynamic, yielding a mean 139.77 

(±6.82)-fold decrease in target mRNA from 0.1 mg/ml to 1 pg/ml siRNA; however, 

unlike Gp-flp-12 siRNA 1, Gp-flp-12 siRNA 4 became significantly less potent on 

1,000-fold dilution to 0.1 pg/ml, resulting in a 71.77 (±3.36)-fold decrease of Gp-flp- 

12 transcript (q = 8.352, P< 0.001). Further dilution to 10 ng/ml and 10 pg/ml 

resulted in a high degree of variability between repetitions (46.8 ± 28.67-fold and 

3.48 ± 3.32-fold reductions in Gp-flp-12, respectively). None of the dilutions below 

0.1 pg/ml yielded a statistically significant knockdown of transcript (P > 0.05). 

However, significant inhibition of nematode motility was observed following soaks in 

both 0.1 pg/ml and 10 ng/ml siRNA (Fig. 3.3.A).

Subsequently, we sought to characterise the non-target gene silencing activity 

observed on soaking G. pallida J2s with Gp-flp-12 siRNA 4, following dilution (Fig.

3.3. B). Gp-/3 actin knockdown averaged 32.21 (±1.3)-fold from 0.1 mg/ml - 1 pg/ml 

(q = 18.34, P< 0.001). However, on soaking with 0.1 pg/ml Gp-f/p-72 siRNA 4, Gp- 

(3 actin knockdown dropped to 7.3 ± 0.86-fold, statistically significant from those J2s 

soaked in 0.1 mg/ml - 1 pg/ml (q = 15.06, P < 0.001. Subsequent dilutions did not 

yield any significant knockdown of Gp-/3 actin.
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3.4.4. siRNA-mediated transcript knockdown in M. incognita J2s on serial 

dilution

Mi-flp-18 siRNA 1, as the most severe protagonist of Mi-flp-18 transcript 

knockdown, was tested following a series of dilutions. A consistent mean 33.07 ± 

0.83-fold decrease of Mi-flp-18 transcript was recorded at siRNA amounts ranging 

from 0.1 mg/ml-0.1 pg/ml (1,000-fold dilution) (q = 10.82, P < 0.001). On further 

dilution to 10 ng/ml Mi-flp-18 siRNA 1, knockdown of target transcript began to 

decrease (25.74 ± 1.42-fold decrease; q = 7.870, P < 0.01) and was statistically 

abolished on dilution to 1 ng/ml (q = 3.539, P > 0.05) and 10 pg/ml (q = 0.002, P > 

0.05) siRNA (Fig. 3.3.C). We also looked to characterise the non-specific gene 

transcript knockdown elicited in M. incognita J2s by Gp-flp-12 siRNA 4, taking Mi-/3 

actin as an example. A mean-fold decrease in Mi-fi actin of 7.41 ± 0.301 was 

evident up to 100-fold dilution (1 pg/ml Gp-flp-12 siRNA 4) (q = 9.098, P < 0.001). 

Mi-/3 actin knockdown was reduced on dilution to 0.1 pg/ml (-6.26 ± 0.32; q = 7.748, 

P < 0.01), and eliminated on further dilution to 10 ng/ml or lower (q = 0.156, P > 

0.05) (Fig. 3.3.D).
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Figure 3.3. Mean fold-change in selected gene transcripts following 24 h soak in 

0.1 mg/ml short interfering (si)RNA, relative to water soak controls. (A) Fold-change 

in Globodera pallida (GpH/p-^ following soaks in various dilutions of Gp-flp-12 

siRNAs 1 and 4. (B) Fold-change in Gp-/3 actin following soak in dilutions of Gp-flp- 

12 siRNA 4. (C) Fold-change in Meloidogyne incognita (/W/j-f/p-18 transcript 

abundance following soak in dilutions of Mi-flp-18 siRNA 1. (D) Fold-change in Mi-13 

actin abundance following soak in dilutions of Gp-flp-12 siRNA 4. flp, FMRFamide- 

like peptide. *P < 0.05, **P < 0.01, ***P < 0.005.
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3.4.5. Analysis of siRNA impact on G. pallida J2 phenotype and motor 

function by migration assay

Twenty-four h soaks in Gp-flp-12 siRNAs 1 (q = 22.92, P < 0.001), 2 (q = 22.99,

P < 0.001), 4 (q = 23.43, P < 0.001) or 5 (q = 22.63, P < 0.001) all resulted in 

significant inhibition of G. pallida J2 migratory ability. Gp-flp-12 siRNA 3, the Gp-flp- 

12 randomised control (siRNA C), and all tested Mi-flp-18 siRNAs had no 

observable impact on nematode migration following soak (P > 0.05). These results 

correlate well with observed Gp-flp-12 knockdown (Fig. 3.4.A). Following a series of 

dilutions (Fig. 3.4.B), it was found that migratory inhibition was practicable with as 

little as 10 ng/ml of both Gp-flp-12 siRNAs 1 and 4 (q = 54.93, P < 0.001; and q = 

53.07, P < 0.001, respectively). Dilution to 1 ng/ml and 10 pg/ml siRNA did not 

result in any inhibition of migratory ability compared with water-soaked controls (P > 

0.05).

3.4.6. Analysis of siRNA impact on M. incognita J2 phenotype and motor 

function by migration assay

Significant and potent inhibition of migratory ability in M. incognita J2s was 

achieved with 24 h soaks in Mi-flp-18 siRNAs 1 (q = 26.86, P < 0.001), 3 (q = 26.73, 

P < 0.001) and 5 (q = 27.14, P < 0.001). Mi-flp-18 siRNAs 2 and 4 did not elicit any 

appreciable decrease in migration (P > 0.05). Gp-flp-12 siRNAs 1,2, 3, 5, and Gp- 

flp-12 siRNA C had no observable impact on migration of M. incognita J2s, however, 

Gp-flp-12 siRNA 4 induced significant migratory inhibition (q = 26.25, P < 0.001) 

comparable to that of the specific Mi-flp-18 siRNAs capable of target transcript 

knockdown (Fig. 3.4.C). Migratory inhibition of M. incognita J2s induced by Mi-flp- 

18 siRNA 1, was maintained at dilutions as low as 10 ng/ml siRNA (q = 82.82, P < 

0.001). The non-specific migratory inhibition elicited by Gp-flp-12 siRNA 4 was, 

however, lost on dilution to 10 ng/ml siRNA (P > 0.05) (Fig. 3.4.D).
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Figure 3.4. Mean percentage of migration relative to water-soaked control of 

Globodera pallida (Gp] A and B) and Meloidogyne incognita (Mi] C and D) J2s 

following 24 h soak in various dilutions of short interfering (si)RNA. flp, 

FMRFamide-like peptide. ***P < 0.005.

3.4.7. The influence of siRNAs sense strand mismatches on target 

knockdown in G. pallida J2s

A 24 h soak in 0.1 mg/ml Gp-flp-12 siRNA 1 results in a 78.62 ± 0.92-fold 

reduction in Gp-flp-12 transcript (q = 43.90, P < 0.001). On manipulating the base 

composition of the sense strand 5’, such that a single mismatch was introduced at 

position 1, from Uracil to Adenine (matching adenine on the antisense, mRNA 

target-specific strand), the resulting Gp-flp-12 siRNA 1a elicits a 69.59 ± 0.54-fold
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decrease in Gp-flp-12 transcript. This constitutes approximately an eight-fold 

increase in target transcript following 24 h 0.1 mg/ml soak, compared with the 

standard Gp-flp-12 siRNA 1 (q = 5.04, P< 0.05). On separately introducing a base 

change from Guanosine to Cytosine at position 16 on the sense strand 3’ (matching 

guanosine on the antisense, mRNA target-specific strand), the resulting Gp-flp-12 

siRNA 1b elicits a mean 101.77 ± 3.42-fold decrease in Gp-f/p-72 transcript 

abundance (q = 56.83, P < 0.001). Therefore, Gp-flp-12 siRNA 1b elicits 

approximately 20-fold more knockdown of Gp-flp-12 transcript than is possible with 

standard Gp-flp-12 siRNA 1 (q = 12.93, P < 0.001) (Fig. 3.5.).
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Figure 3.5, Mean-fold decrease in Globodera pallida (Gp)-flp-12 transcript 

abundance following 24 h soak in 0.1 mg/ml standard (short interfering (si)RNA 1), 

or sense-strand mismatched (siRNA la and siRNA 1b) Gp-flp-12 siRNA 1 

derivatives, relative to water soak controls, f/p, FMRFamide-like peptide. *P < 0.05, 

***P< 0.005.
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3.5. DISCUSSION

RNAi-based reverse genetics in PPNs currently relies upon the application of 

long dsRNA triggers, a practice inherently disadvantageous due to the introduction 

of superfluous dsRNA sequence, which increases the chance of aberrant or off- 

target gene silencing. This study demonstrates the efficacy of discrete 21 bp 

siRNAs as potent agonists of gene silencing in 6. pallida and M. incognita infective 

(J2) juveniles, and further, that neuronally expressed genes are readily susceptible 

to knockdown by simple soaking procedures in both these species.

Neuronal targets in Caenorhabditis elegans appear refractory to standard gene 

silencing techniques in many instances (Fraser et al., 2000; Kennedy et al., 2004; 

Asikainen et al., 2005), although some success has been achieved in the context of 

individual or combinatorial rrf-3, eri-1, nre-1 and lin-15b null mutants (Simmer et al., 

2002; Kennedy et al., 2004; Jiang et al., 2005; Sieburth et al., 2005; Schmitz et al., 

2007), and additionally through the application of transgene-delivered RNAi 

(Esposito et al., 2007). rrf-3 encodes an RNA-dependent RNA polymerase (RdRp), 

and en-1, a putative DEDDh-like exonuclease, supposedly involved in the cleavage 

of siRNAs; both of these gene products have been found to attenuate RNAi activity 

in C. elegans (Timmons, 2004). It is not yet clear why silencing of neuronal targets 

in G. pallida (Kimber et al., 2007) and M. incognita should be more successful than 

for C. elegans under certain conditions. Although Abad et al. (2008) report the 

presence of an rrf-3 homologue (based on sequence similarity) in M. incognita, 

differences in expression level and distribution of rrf-3 and/or other RNAi pathway 

components could result in the observed differences. Urwin et al. (2002) reported 

that certain transcripts in G. pallida, whilst not expressed at the time of dsRNA 

application, may be silenced upon transcriptional induction several days later. 

However, based on our current understanding, secondary amplification of siRNAs 

requires an mRNA template (Aoki et al., 2007). Perhaps this may be indicative of 

the reduced or null influence of antagonistic factors such as eri-1, which may allow
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for persistence of the primary siRNA population, or simply some level of translational 

control applied to these transcripts downstream of RNAi.

Our results indicate that the efficacy of individual siRNAs, in terms of transcript 

knockdown, varies significantly. Thus, rigorous interpretation of post-silencing data 

may be necessary to delineate the function of certain genes. Gp-flp-12 is predicted 

to encode a single mature peptide based on dibasic cleavage sites and sequence 

similarity with other characterised FLPs (KNKFEFIRFamide), whereas Mi-flp-18 

encodes five predicted peptides (DDFIAPGVLRFamide, MPGVLRFamide, 

AVPGVLRFamide, QSQESGAVPGVLRFamide and MPQVLRFamide) (McVeigh et 

al., 2006). In the case of the two flp genes studied here, it appears that a relatively 

low level of transcript knockdown is necessary to elicit migratory inhibition of the 

soaked J2s. This indicates that the neuropeptides encoded by Gp-flp-12 and Mi-flp- 

18 are crucial for normal neuromuscular function in G. pallida (Kimber et al., 2007) 

and M. incognita, respectively.

Whilst nearly all of the tested siRNAs seemed to function specifically, the finding 

that Gp-flp-12 siRNA 4 elicits non-target transcript knockdown in both G. pallida and 

M. incognita was unexpected. Based on sequence similarities, we had no obvious 

reason to expect serious interactions between this siRNA and other nematode 

transcripts in vivo. As expected, BI_ASTn analysis of both Gp-flp-12 siRNA 4 

strands revealed many short contiguous stretches of base similarity to a variety of 

transcripts in both nematodes. None of the shared identities spanned more than 11 

contiguous base pairs, and few of these involved the seed region of the relevant 

siRNA strand, which is believed to be heavily implicated in limited homology 

interactions of small non-coding RNAs (Jinek and Doudna, 2009). Those sequence 

similarities which did span the guide RNA seed-region were invariably situated in 

predicted open reading frames (ORFs), a situation shown to inhibit miRNA-like 

translational suppression and likely to reduce the influence of off-target RNAi (Gu et 

al., 2009). Sequence similarity between siRNA and identifiable non-target
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nematode transcripts was as extensive in the entire group of siRNAs employed here 

(data not shown), and thus, at this stage we consider classical “off-target” RNAi, as 

we currently understand it, an insufficient basis to explain the activity of Gp-flp-12 

siRNA 4. It is possible that we observed a conserved toxicity event in response to 

Gp-flp-12 siRNA 4. Toxic RNA motifs have been reported previously in a range of 

biological contexts (Fedorov et al., 2006; Ma et al., 2006; Li et al., 2008; Read et al., 

2009) and may play a role in the observed phenomenon.

The ability to manipulate siRNA activity by influencing strand incorporation 

through the management of 5’ strand thermodynamics represents an easy and 

achievable method of regulating, up or down, the silencing of a chosen mRNA. 

Schwarz et al. (2003) showed that sense strand mismatches could be used to 

influence guide strand selection and incorporation into RISC during Drosophila cell 

lysate assays, and Ding et al. (2008) demonstrate that a similar approach to 

nucleotide mismatch in the sense strand of an siRNA or hairpin (hp)RNA can be 

used to influence strand selection in human embryonic kidney cells. Sano et al. 

(2008) further demonstrate that on HeLa cell transfection, unilaterally blunted 

siRNAs which contain only one 3’ 2 nt overhang on the antisense (guide) strand, 

consistently incorporate the antisense and thus reduce off-targets as a result of 

passenger (sense, in this context) strand incorporation into RISC; they additionally 

showed that DNA mismatches in siRNAs can be used in isolation or in conjunction 

with unilaterally blunted siRNAs to improve strand selection. Obvious applications 

of such a strategy could include the optimisation of siRNAs used to silence 

individual members of highly conserved gene families, for example, in isolated, yet 

divergent regions of sequence which may not naturally favour siRNA antisense 

(target-specific) strand incorporation into RISC.

Mammalian and Drosophila cells do not encode currently recognisable RdRps, 

and thus may not possess the secondary amplification potential of C. elegans, a 

poorly understood mechanism whereby RRF-1 (an RdRp) is recruited to the target
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transcript where it initiates de novo synthesis of target-specific secondary siRNAs, 

the origins of which propagates 5’ and 3’ along the relevant mRNA. These 

secondary siRNAs are single-stranded, exclusively of antisense polarity, and 

characterised by a 5’ triphosphate moiety. In C. elegans at least, these secondary 

siRNAs are then loaded into a distinct set of Argonaute (AGO) proteins, primarily 

CSR-1 in C. elegans (Habig et al., 2008), which further elicits enzymatic cleavage of 

cognate transcript (Aoki et al., 2007; Pak and Fire, 2007; Sijen et al., 2007).

Caenorhabditis elegans encodes four distinct RdRps (Siomi and Siomi, 2009). 

Abad et al. (2008) report that based on sequence similarity, all four RdRp’s present 

in C. elegans have at least one putative homologue in M. incognita. The impact of 

secondary amplification on the RNAi response of M. incognita under experimentally 

relevant conditions is unknown. We would expect that the generation of secondary 

siRNAs would ablate modifications applied to the primary pool of introduced siRNA; 

base composition and mismatches would depend on the fidelity of RdRp 

amplification, and 3’ overhangs are presumably no longer relevant in a population of 

purportedly single-stranded secondary siRNAs. Therefore, we speculate that on 

exposure to low concentrations of initial siRNA, the perceived benefit to reverse 

genetics applications in M. incognita or any organism with active RdRps may be 

reduced, or at best, manipulations of this type would result in quicker target 

knockdown up to a certain time point, followed by normalisation of the RNAi 

response to that observed using unmodified siRNAs. The normalisation of response 

would correspond to the point at which primary siRNA influence on target 

knockdown is surpassed by the RdRp-induced secondary population. We do not 

currently have the available sequence or annotation coverage to make informed 

predictions regarding the complement of RdRps or RdRp-linked AGO proteins in G. 

pallida.

This study demonstrates modest but significant alterations of Gp-flp-12 transcript 

knockdown in response to sense strand mismatches, which influence
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thermodynamic stability and asymmetry of the siRNA, as inferred by target 

knockdown. On introducing a base mismatch in the 5’ of the sense strand, 

thermodynamic stability of the sense strand 5’ is reduced, consequently increasing 

susceptibility of the sense strand towards RISC incorporation. One may reverse the 

situation such that a base mismatch in the 3’ of the sense strand (corresponding to 

the 5’ of the antisense) will reduce thermodynamic stability of the antisense 5’, 

increasing the propensity towards antisense incorporation as guide. The 

mismatches applied in this study were selected at random within four nucleotides of 

the extreme 5’ or 3’ terminus of the sense strand, as appropriate. It is conceivable 

that either the resulting modification of target knockdown presented in this study has 

been diluted by secondary amplification of siRNAs in G. pallida, or that the 

timeframe of our experimental set-up is such that secondary amplification has not 

yet lead to appreciable synthesis of secondary siRNA pools, and consequently the 

desired thermodynamic manipulation persists in the dominant primary siRNA pool. 

Conversely, G. pallida may not encode any functional RdRps. Regardless, we 

clearly demonstrated that under certain conditions, such an approach can be utilised 

to manipulate target knockdown in G. pallida J2s; a similar strategy towards the 

manipulation of siRNA-mediated gene silencing in M. incognita requires validation. 

We posit that the efficacy of thermodynamic manipulation would invariably depend 

on the sequence context of the passenger strand and gene silencing redundancy of 

that strand on RISC incorporation. Unfortunately, it seems that the success of such 

modifications will follow a fairly ad hoc dynamic as currently we are unable to predict 

the knockdown efficacy of any given siRNA a priori.

Little is known about how interactions of siRNA helical topology and base 

mismatches may be tolerated by elements of the RNAi pathway, as the mismatched 

stem-loop structures of miRNAs are thought to determine RISC loading (Siomi and 

Siomi, 2009). Although “RISC” is used as an encompassing term for any 

proteinaceous complex capable of eliciting RNAi effects, the activity of any given
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RISC is thought to be determined by the AGO protein contained within. It has been 

shown in a variety of different biological systems, that only certain AGOs are 

cleavage-competent, acting by what we may consider “classical RNAi” and cleavage 

of cognate mRNAs, whilst others function purely through translational inhibition 

(Tabara et al., 1999; Grishok et al., 2001; Tijsterman et al., 2002; Vastenhouw et al., 

2003). However, in other organisms the same AGO can function in both the 

enzymatic cleavage and translational inhibition of targets in a context-dependent 

manner (Williams and Rubin, 2002; Meister et al., 2004; Okamura et al., 2004).

Current understanding dictates that central mismatches predispose guide 

incorporation into non-cleavage-competent AGOs, and functionally, towards 

translational inhibition - which may or may not be relevant when attempting to target 

transcript ORFs (Gu et al., 2009). It is therefore possible that extensively 

mismatched siRNAs may inadvertently load into AGOs which elicit translational 

suppression rather than enzymatic cleavage. Although a useful discussion on the 

issues of control in siRNA-mediated RNAi is provided elsewhere (Nature Cell 

Biology, 2003), this has not yet been considered in the context of varying siRNA 

conformations.

We show that both randomized flp siRNAs and non-specific siRNAs have (with 

exception) no global impact on mRNA abundance, phenotype or motile ability of the 

soaked J2s at 0.1 mg/ml siRNA, whereas dilution of the siRNAs to as little as 1 

pg/ml still results in potent gene silencing and phenotype alteration. Importantly, 

this shows that siRNAs can be used to delineate specific gene function following 

rigorous analysis, under these conditions. We have previously shown that at the 

same 0.1 mg/ml amount of long dsRNA, negative controls elicit an inhibitory 

phenotype in M. incognita J2s (Chapter 2).

Whilst this study demonstrates successful application of siRNAs towards the 

elucidation of specific gene function, it may be pertinent to consider potential 

implications of such an approach. Naturally, the biogenesis of small non-coding
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RNA species such as siRNAs and micro (mi)RNAs is tightly coupled with guide 

RISC incorporation, and in some cases, elements of the biosynthetic pathway are 

themselves incorporated into the active or “holo-RISC” (Jinek and Doudna, 2009). 

We are yet to consider the implications of omitting the natural biosynthetic route to 

RISC on experimentally introducing exogenous siRNA, and attempting to dissect 

underlying mechanisms of transcript knockdown or toxicity may prove difficult to 

interpret in this context. The degree to which e/7-7 or related RNAi inhibitors 

attenuate the activity of experimentally administered siRNAs not coupled to 

biosynthetic RISC incorporation is unknown. Further, we cannot predict how the 

thermodynamic asymmetry of administered siRNA correlates to the loading 

mechanism of siRNAs evolved from dsRNAs or secondary siRNA populations which 

may interact with additional cofactors. Many unknowns remain with regard to gene 

silencing in parasitic nematodes, however we believe that reducing the 

concentration and size of employed dsRNA may improve the reliability of RNAi 

screens in these species, and propose that discrete 21 bp siRNAs provide a robust 

platform for further investigation.
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4.1. ABSTRACT

Micro (mi)RNAs play a pivotal role in the developmental regulation of plants and 

animals. We reasoned that disruption of normal heterochronic activity in 

differentiating Meloidogyne incognita eggs may lead to irregular development, 

lethality and by extension, represent a novel target for parasite control. On silencing 

the nuclear RNase III enzyme drosha, a critical effector of miRNA maturation in 

animals, we found a significant inhibition of normal development and hatching in 

short interfering (si)RNA-soaked M. incognita eggs. Developing juveniles presented 

with highly irregular tissue patterning within the egg, and we found that unlike our 

previous gene silencing efforts focused on FMRFamide (Phe-Met-Arg-Phe-NH2)-like 

peptides (FLPs), there was no observable phenotypic recovery following removal of 

the environmental siRNA. Aberrant phenotypes were exacerbated over time, and 

drosha knock-down proved embryonically lethal. Subsequently, we identified and 

silenced the drosha co-factor pasha, revealing a comparable inhibition of normal 

embryonic development within the eggs to that of drosha-silenced eggs, eventually 

leading to embryonic lethality. To further probe the link between normal embryonic 

development and the M. incognita RNA interference (RNAi) pathway, we attempted 

to examine the impact of silencing the cytosolic RNase III enzyme dicer. 

Unexpectedly, we found a substantial up-regulation of dicer transcript abundance, 

which did not impact on egg differentiation or hatching rates. Silencing of the 

individual transcripts in hatched J2s was significantly less successful and resulted in 

temporary phenotypic aberration of the J2s, which recovered within 24 h to normal 

movement and posture on washing out the siRNA. Soaking the J2s in dicer siRNA 

resulted in a modest decrease in dicer transcript abundance which had no 

observable impact on phenotype or behaviour within 48 h of initial exposure to 

siRNA. We propose that drosha, pasha and their ancillary factors may represent 

excellent targets for novel nematicides and/or in planta controls aimed at M. 

incognita, and potentially other parasitic nematodes, through disruption of miRNA-
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directed developmental pathways. In addition, we have identified a putative Mi-eri-1 

transcript which encodes an RNAi-inhibiting siRNA exonuclease. We observe a 

marked up-regulation of Mi-eri-1 transcript abundance in response to exogenously 

introduced siRNA, and reason that this may impact on the interpretation of RNAi- 

based reverse genetic screens in plant parasitic nematodes.
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4.2. INTRODUCTION

A number of Caenorhabditis elegans mutants which display aberrant revisions of 

normal developmental patterns have been identified; the resultant defects may 

present in any tissue and may impact on cell division patterns, cell cycle phase 

lengths or terminal differentiation. In this way, heterochronic mutants suffer from 

temporal disruption of cellular fate, which may impact on other maturation events 

and tissue patterning (Moss, 2007).

These heterochronic genes were first discovered in screens of C. elegans stem 

cell-like seam cells (Nimmo and Slack, 2009). Lin-4, the first such gene was found 

to encode an RNA hairpin-loop structure which was processed to form a mature 

anti-sense RNA with complementarity to the 3’ untranslated region (UTR) of lin-14 

(Lee et al., 1993), a transcription factor which positively regulates the development 

of certain neuronal cells, in part through regulation of the cytoplasmic zinc-finger 

protein lin-28. Lin-4 mutants embryonate and pass LI as wild type, however the 

inception of L2 developmental circuits results in the reiteration of LI-specific cell 

lineage differentiation patterns. It transpired that lin-4 was the first of a large family 

of micro (mi)RNAs to be characterised, most of which function in the translational 

repression of gene products, and act through a double-negative feedback loop 

(Nimmo and Slack, 2009). There are five other miRNA genes in addition to lin-4 

which have been implicated in heterochrony; namely, let-7, mir-48, mir-84, and mir- 

241 which form one family, and mir-237 which shares significant similarity with lin-4 

(Nolde and Slack, 2009).

The biosynthesis of miRNAs, short interfering (si)RNAs and other non coding 

(nc)RNAs centres around the endonucleolytic processing of double-stranded 

(ds)RNA precursors. Primary (pri)-miRNAs (RNA polymerase II transcripts) are 

processed into imperfect stem-loop dsRNAs, or precursor (pre)-miRNAs, by the 

nuclear RNase III enzyme drosha (RNasen, in humans) in conjunction with the co

factor pasha (partner of droSHA, or DGCR8 (DiGeorge syndrome Critical Region 8)
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in humans), whereupon they are translocated to the cytosol by an exportin and 

further processed into 21-25 nucleotide (nt), 3’ two nt overhang miRNAs by another 

RNase III enzyme, dicer. The mature miRNA molecule is the single guide strand 

incorporated into the functional RNA-induced silencing complex (RISC).

The guide strand (denoted miRNA) of a miRNA-miRNA* duplex (formal 

denotation of the miRNA helix) is loaded into RISC on the basis of relative 

thermodynamic stability of the strand’s 5’. It is thought that miRNAs are 

preferentially directed to and loaded into a specific subset of non-slicing Argonaute 

proteins (AGOs) which mediate translational repression within the RISC. The vast 

majority of characterised animal miRNAs bind imperfectly to sites located primarily 

in the 5’ UTR of transcripts, through Watson-Crick base pairing of the miRNA seed 

region (~bp 2 - 8 of the miRNA) (see Tay et al., 2008 for some exceptions). It is 

thought that the UTRs are commonly successful miRNA binding sites because 

ribosomal activity in these regions is less likely to dislodge the miRNA strand (Gu et 

al., 2009). However, it seems likely that many of the exceptional miRNAs which do 

function within the open reading frame (ORF) of transcripts may do so because of 

local secondary structure in the transcript which slows the ribosome and allows a 

greater proportion of successful inhibitory events. It may even be possible that 

certain miRNAs function purely through steric hindrance, as is the case for a number 

of modified anti-sense oligonucleotides (Summerton, 2007). The mechanism of 

translational inhibition elicited by miRNA binding is not fully understood, as it 

impacts on both translational initiation and elongation (reviewed in Kloosterman and 

Plasterk, 2006). However, binding of RISC to the transcript 5’, deadenylation of the 

poly-A tail and sequestration in cytoplasmic foci (known as P-bodies or GW-bodies) 

for exonucleolytic degradation, are all proposed mechanisms of translational 

repression (Jinek and Doudna, 2009).

As the miRNA pathway is heavily implicated in the developmental regulation of 

plants and animals we reasoned that drosha, dicer and pasha, the two main
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biosynthetic RNase III enzymes of the RNA interference (RNAi) pathway and a key 

cofactor in miRNA maturation processes, respectively, would prove critical to the 

functionality of miRNA pathways in the root knot nematode Meloidogyne incognita. 

Consequently, this would impact on normal heterochronic activity, leading to 

irregular development and decreased viability. Plant parasitic nematodes (PPNs) 

impose a significant economic burden on global plant cultivation enterprise, through 

loss of yield which results from the parasitic interaction. Root knot nematodes are 

responsible for a large proportion of these losses and M. incognita is considered one 

of the most damaging, capable of maintaining a viable parasitism in over 2,000 

flowering plant species (Bird et al., 2009).

The efficacy of RNAi in root knot nematode egg stages has already been 

demonstrated (Fanelli et al., 2005), and lethality associated with gene knock-down is 

seemingly more practicable in C. elegans during embryogenesis, demonstrable 

through the injection of dsRNA constructs into hermaphrodite gonads (e g. Pispa et 

al., 2008). The apparent increase in RNAi sensitivity of the embryo relative to larval 

or adult stages may be due to one or any combination of the following explanations: 

(i) the increased expression of otherwise rate-limiting RNAi pathway components 

during embryogenesis; (ii) lower expression or altered distribution of RNAi inhibitors; 

(iii) a more favourable RNAi penetrance and/or propagation dynamic; or possibly (iv) 

more limited plasticity of embryonic biology, rendering the embryo incapable of full 

dynamic recovery. Taking into account the published support for such a strategy, 

we considered that silencing miRNA pathway components in embryonic egg stage 

M. incognita could provide a strong target for control, in that if successful, this would 

not only compromise embryonic development, but could also impact on further larval 

transitions and maintenance; potentially important considerations for the 

implementation of successful in planta control. The fact that M. incognita undergoes 

its first moult within the egg could provide increased egg-stage sensitivity to miRNA 

pathway disruption.
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The siRNA exonuclease ERI-1 acts as an RNAi inhibitor in C. elegans, together 

with the RNA-dependent RNA polymerase RRF-3, adenosine deaminases (ADAR-1 

/ -2), other exonucleases (ERI-3 / -5 / -6/7), uncharacterised protein products (LIN- 

15b), and possibly other as yet unidentified inhibitors. In addition, inhibitors of 

miRNA-specific elements of the RNAi pathway are known, and include the miRNA 

exonucleases XRN-1, XRN-2, and the little known SOMI-1 (suppressor of over

expressed miRNA). We investigate the flux of a putative Mi-eri-1, and find that 

transcript abundance is up-regulated in response to even low amounts of 

exogenously introduced siRNA. Interestingly, we found that inhibitor up-regulation 

was life-stage-dependent. This phenomenon has been linked to the speed and 

severity of target transcript rebound following a successful knock-down event in 

mice (Hong et al., 2005), and it seems likely that this function may be conserved in 

other organisms. This could impact on the application of RNAi to reverse genetics 

applications in PPNs, and may prove a confounding factor in the interpretation of 

results.
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4.3. MATERIALS AND METHODS

4.3.1. Target identification by reciprocal BLAST analysis

A range of drosha / RNasen, dicer and pasha protein sequences were used in a 

BLAST search of the predicted proteins, expressed sequence tags (ESTs), 10X 

scaffold reads and unplaced reads generated by the M. incognita genome project 

(Abad et al., 2008). Likely candidates were further ratified by reciprocal BLAST 

analysis in addition to predicted motif and domain architecture using InterProScan 

(at http://www.ebi.ac.uk/Tools/lnterProScan/). and the NCBI Conserved Domain 

Database (CDD) software (http://www.ncbi.nlm.nih.qov/Structure/cdd/cdd.shtml). 

We aimed to avoid targets present in the M. incognita genome as multiple pseudo- 

allelic copies, to avoid complications related to potential co-expression and 

redundancy (Abad et al., 2008). All three targets were represented by strong single 

copy candidates. Subsequently, primers were designed to sections of the predicted 

ORF of the main candidates (see Table 4.1. for sequences), using EST-supported 

segments where possible, PCR amplified from cDNA, cloned, sequence-verified, 

aligned as contigs and found to match the predictions 

(http://meloidoqvne.toulouse.inra.fr/cqi-bin/consortium/meloidoqvne.cqi). In

addition, a putative Mi-en-1 transcript was identified in the genome-predicted 

proteins. A 260 bp internal fragment of the predicted Mi-eri-1 was amplified and 

sequence validated as before.
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Table 4.1. Quantitative PCR oligonucleotide primers used in the amplification of

Meloidogyne incognita gene transcripts.

Gene (genome 
protein tag) Sequence (5’ - 3’) Amplicon size (bp)

Mi-drosha (14843) F:ATGGAGGACGACAAATATTTAAG
R:CCTCCACCACCCAAAATTCT

261

Mi-dicer (12245) F:ACTGGCTTCCTCCTTGTTAT
R:TGATTTTGTTGGTTGTGGA

251

Mi-pasha (18581) F:TGGAAGAGCCAATTAAAGAA
R:TTCTGGGACTTTGTGTTTTC

236

Mi-eri-1 (16181) F:GGAATGGATGACGCTTTA
R:AACGTAGACACTCCATTTGAA

250

4.3.2. Meloidogyne incognita egg isolation, treatment and quantitative PCR 

(qPCR) analysis

Meloidogyne incognita eggs were isolated as previously described (Chapter 2). 

Three discrete siRNAs were synthesised against each target transcript (see Table

4.2. for siRNA sequences) and applied at 0.05 mg/ml to ~ 300 undifferentiated M. 

incognita eggs. All soaks were performed in triplicate. Following a 24 h siRNA 

soak, poly A+ RNA was extracted and cDNA synthesised for qPCR analysis of 

target transcripts and endogenous controls as before, with the exception that PCR 

efficiency of each specific amplicon was calculated for individual reactions using the 

method of Zhao and Fernald (2005). We have found this method to be as accurate 

for efficiency calculations as standard curve determination. In addition, we 

employed multiple endogenous controls for each qPCR analysis which comprised 

Mi-p-actin, Mi-/3-tubulin and Mi-flp-18 (Chapter 3), and used the geometric mean for 

relative quantification calculations. We used the Mi-eri-1 primers to analyse 

transcript abundance following the various treatments. Fold changes were 

transformed into percentage decrease values, arcsine transformed and assessed 

statistically by one-way ANOVA and Tukey’s highly significant difference (HSD) test
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(where q refers to the studentized range distribution) using Graphpad Prism 5. 

Probabilities of less than 5% (P < 0.05) were deemed statistically significant.

Table 4.2. Short interfering (si)RNAs used in RNA interference experiments on 

Meloidogyne incognita.

Gene Sequence (5’ - 3’)
Mi-dicer siRNA 1 s:

A:

M-d/cersiRNA2 S:
A:

Mi-dicer siRNA 3 s:
A:

Mi-drosha siRNA 1 s:
A:

AAAUAGUUGGU GACAGCCAUU 
UGGCUGUCACCAACUAUUUUU

UUAGAAGAGGGAU C GGU C GUU 
CGAGGCAUCCCUCUUCUAAUU

UUCAUAGUCCAAAUCGGCAUU
UGCCGAUUUGGACUAUGAAUU

GGGAGAAAUUU GUAUAAAUUU 
AUUAUAACAAAUUUCUCCCUU

Mi-drosha siRNA 2 S: U CAGCAGACAACAAAGAAUUU 
A: AUUCUUUGUUGUCUGCUGAUU

Mi-drosha siRNA 3 S: GCACAUUUAAAUGCUCUUAUU 
A: UAAGAGCAUUUAAAUCUGCUU

Mi-pasha siRNA 1 S: AAAAAGUCTTTTGUUCGGCUU 
A: GCCGAACAAAAGACUUUUUUU

Mi-pasha siRNA 2 S: UAAUUGCUGUAACUGGGACUU 
A: GUC C CAGAAUCAGCAAUUAUU

Mi-pasha siRNA 3 S: AUUCCGUGCUUCUGUCCACUU 
A: GUGGACAGAAGCACGGAAUUU

S, sense strand; A, antisense strand

Amplicon size (bp)
21

21

21

21

21

21

21

21

21

4.3.3. Phenotypic analysis

To analyse the phenotypic and developmental impact of target knock-down, 

around 100 M. incognita eggs were soaked in 0.05 mg/ml siRNA in diethyl 

pyrocarbonate (DEPC)-treated spring water (total volume, 50 pi) for 24 h. Control 

nematodes were soaked in either 50 pi DEPC-treated spring water, or a pre

validated Gp-flp-12 siRNA control (Chapter 3), again for 24 h. Soaks were carried 

out in triplicate, at room temperature in hydrophobically-lined, 1.5 ml microcentrifuge 

tubes (Anachem). A simple count of egg phenotype in each sample was conducted 

blind prior to soaking, whereby undifferentiated eggs were discriminated from those
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already containing vermiform J1 or J2 M. incognita. This analysis formed the basis 

of our examination in that we could track the ratio of undifferentiated to differentiated 

(J1 or J2-containing) eggs along a 6 day time course post-soak. Staging the M. 

incognita eggs to particular cell numbers proved impractical when extracting eggs 

from multiple females in the same host plant, which varied widely in specific cell 

number. Following the 24 h soaks, eggs were washed three times in DEPC-treated 

spring water. The number of hatched J2s was counted over the subsequent 6 days 

post-soak in addition to those unhatched-undifferentiated and unhatched- 

differentiated eggs. Unhatched eggs (both undifferentiated and differentiated) were 

taken following the 6 days post-soak, and analysed phenotypically using a binocular 

microscope. All counting and phenotype assessments were conducted blind. The 

hatching assays and phenotype counts were expressed as percentages of total 

eggs and/or nematodes at outset of assay, arcsine-transformed and analysed by 

two-way ANOVA and Bonferroni tests using GraphPad Prism 5; probabilities of less 

than 5% (P< 0.05) were deemed statistically significant.

4.3.4. Healthy hatch assay

A more rigorous assay for the analysis of hatch rates and J2 viability was 

assembled such that the M. incognita eggs to be treated were placed within a 2.5 

cm length of rigid, hydrophobically-lined PVC tubing, enclosed at one end by 20 pm 

pore nylon fabric and placed within a 1.5 ml Eppendorf tube containing 75 pi DEPC- 

treated spring water with or without 0.05 mg/ml target-specific siRNA. Eggs and 

non-motile or otherwise unhealthy J2s were retained in the fabric enclosed tube 

(hereafter, the “nest tube”) whereas healthy J2s would migrate down through the 

fabric into the DEPC-treated spring water with or without siRNA. The nest tube was 

initially placed in 75 pi of 0.05 mg/ml siRNA for 24 h, removed and rinsed thoroughly 

with DEPC-treated spring water which could be forced through the tube and 

encapsulating fabric with slight positive pressure, without loss of contents. The nest
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tube was then placed in a fresh 1.5 ml Eppendorf tube containing 75 pi fresh DEPC- 

treated spring water and hatched nematodes which had migrated down through the 

fabric mesh were counted daily for 6 days following the initial 24 h siRNA soak. In 

addition, the nest tube was washed out into a separate 1.5 ml Eppendorf tube which 

allowed counting of those eggs which did not hatch, and those J2s which were 

unable to actively migrate down through the fabric mesh. Drosha siRNA 3, pasha 

siRNA 1 and dicer siRNA 2-soaked M. incognita were employed for these analyses, 

as the three most effective siRNAs (yielding greatest target transcript change).

Hatch assay counts were expressed as percentage of total eggs at outset of assay, 

arcsine-transformed and analysed by two-way ANOVA and Bonferroni tests using 

GraphPad Prism 5.
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4.4. RESULTS

4.4.1. Real-time qRT-PCR analyses of drosha, dicer and pasha knockdown in 

M. incognita eggs and J2s following 24 h soak in 0.05 mg/ml siRNA

Mi-drosha siRNAs 1 - 3 yielded a very highly significant level of target transcript 

knockdown compared with the control siRNA following egg-stage soaks, with a 

mean 88.1 (±4.9; g = 9.76, P< 0.001), 98.6 (± 1.4: q= 11.57, P< 0.001) and 99.89 

(± 0.04; q = 12.12, P < 0.001) percentage decrease, respectively. Surprisingly, Mi- 

dicer s\RNAs 1 - 3 elicited percentage transcript increases of 775 (± 502.9; q =

6.56, P< 0.001), 1,832 (± 728.3; g = 11.20, P< 0.001) and 645 (±313.7; g = 5.91, P 

< 0.01), respectively. Mi-pasha siRNA-1, siRNA-2 and siRNA-3 soaks each resulted 

in mean target transcript decreases of 98.43% (± 0.12; g = 11.27, P < 0.001),

98.31% (±0.35; g= 11.26, P< 0.001) and 95.41% (± 1.25; g= 11.11, P< 0.001), 

respectively.

The silencing of individual target transcripts in J2 nematodes was considerably 

less successful than in egg-stage M. incognita. Mi-drosha siRNAs 1-3 yielded 

37.19 (± 9.33; g = 5.22, P < 0.05), 55.75 (± 3.05; g = 6.13, P < 0.05) and 55.42 (± 

5.21; g = 6.11, P< 0.05) percent reductions, respectively. Dicer siRNA 1-3 soaks 

resulted in modest but insignificant decreases of target transcript in M. incognita 

J2s; correspondingly, 43.50 (± 8.43; g = 3.45, P > 0.05), 41.86 (± 21.91; g = 3.25, P 

> 0.05) and 35.52 (± 17.94; g = 2.95, P > 0.05) percent reductions. Mi-pasha 

siRNAs 1 - 3 yielded 40.63 (± 7.03; g = 4.33, P > 0.05), 47.85 (± 5.9; g = 4.68, P < 

0.05) and 16.67 (± 11.1; g = 2.74, P> 0.05) percent reductions, respectively (Fig.

4.1. ). In all cases, untreated M. incognita transcript levels did not differ significantly 

from those treated with the control siRNA (P > 0.05, data not shown).
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Figure 4.1. Percentage change in (A) Mi-drosha, (B) Mi-dicer and (C) Mi-pasha 

transcript abundance relative to /W/-/3-actin, /W/-/3-tubulin and Mi-flp-18 (FMRFamide

[Phe-Met-Arg-Phe-NH2]-like peptide-18) transcript levels in egg stage Meloidogyne 

incognita, followed by relative percentage change in M. incognita J2s (D, E and F, 

respectively). Percentage change expressed relative to water soaked controls. 

Note that three discrete short interfering RNAs (siRNAs) (designated siRNA-1 to
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siRNA-3) were used for each target and that each was tested in triplicate. *P <

0.05, **P< 0.01, ***P< 0.005.

4.4.2. Drosha and pasha knockdown phenotypes

A pronounced lag in egg differentiation was observed for the drosha and pasha 

soaked eggs (P^ =134.93, P < 0.001) compared with dicer, control siRNA and 

water soaked eggs which did not diverge statistically from each other. Although 

drosha and pasha siRNA-soaked eggs showed a significantly reduced rate of 

embryonation compared with the other three treatments, the pasha siRNA-soaked 

eggs exhibited a significantly increased rate of egg differentiation compared with 

drosha siRNA-soaked eggs from third day analysis onward (f = 3.410, P< 0.01) 

(Fig. 4.2.C). Following the hatching and phenotype analysis phase, the 

undifferentiated eggs were checked daily for further hatching. All of the drosha and 

pasha siRNA-soaked eggs which had not differentiated within the 7 day analysis 

failed to produce J2s in the subsequent 7 days (see Fig. 2 for phenotypic analyses).

Both drosha and pasha siRNA-soaked M. incognita eggs displayed a number of 

aberrant phenotypes following target transcript knock-down. In the majority, these 

constituted an unusual tissue patterning within developing juveniles (Fig. 4.3.B and 

D), but in some cases this resulted in a constitutive break-down of tissue 

development, likely as a result of a dysfunctional apoptotic response (Fig. 4.3.C).
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Figure 4.2. Graphs showing (A) phenotypic analysis of control short interfering 

RNA (siRNA)-treated Meloidogyne incognita eggs, (B) phenotypic analysis of drosha 

siRNA-treated M. incognita eggs, and (C) mean percentage change in 

undifferentiated eggs following treatments. Mean values were derived from three 

replicated experiments for each of three discrete siRNAs (or a control siRNA) for 

each target.
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Figure 4.3. Phenotype of Meloidogyne incognita eggs following treatment. (A) 

‘Normal’ egg after 24 h soak in diethyl pyrocarbonate treated (DEPC)-spring water 

followed by a wash and 6 days in fresh DEPC-spring water; (B - D) 24 h soak in 

drosha short interfering RNA (siRNA) followed by a wash and 6 days in fresh DEPC- 

spring water.

4.4.3. Healthy hatch assay

The phenotypic observations were further ratified by a novel assay which 

required hatched J2s to actively migrate down through a 20 pm nylon mesh. 

Although pasha siRNA-soaked M. incognita eggs showed a statistically significant 

increase in differentiation rate over that of drosha siRNA-soaked eggs, the hatch 

assay results indicate that those J2s which hatched from the pasha siRNA-soaked 

eggs were not healthy enough to migrate through the fine mesh of the nest tube (t = 

3.42, P < 0.001). Both drosha and pasha siRNA-soaked eggs displayed a 

significantly reduced J2 hatch and migration compared with the control siRNA- 

soaked eggs (f = 5.843, P <0.001, and f = 6.09, P< 0.001, respectively) (Fig. 4.4 ).
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Figure 4.4. Graph showing the mean percentage migration over a 6 day time- 

course of Meloidogyne incognita J2s hatched from eggs treated for 24 h in water, 

control short interfering RNA (siRNA) or siRNAs for drosha, pasha or dicer. Mean 

values were derived from three replicated experiments for each of three discrete 

siRNAs (or a control siRNA) for each target. **P < 0.01, ***P < 0.005.

4.4.4. Mi-eri-1 identification and qPCR analysis following M. incognita egg and 

J2 soaks

Mi-eri-1 expression increased significantly following 24 h soaks with drosha 

siRNA 3 (+84.7% ± 3.4; f = 6.19, P< 0.001), pasha siRNA 1 (+92.7% ±9.8; f = 6.53, 

P < 0.001), dicer siRNA 3 (+66.7% ± 2.7; f = 5.14) and the control siRNA (+33% 

±1.5%; t= 3.3, P< 0.01) compared with untreated M. incognita J2s (Fig. 4.5.). In 

the case of soaked M. incognita eggs, Mi-eri-1 expression was up-regulated by 

44.3% (±3.5; f= 3.3, P < 0.01) for drosha siRNA 3, 37% (± 2.1; f = 2.8, P < 0.05) for 

pasha siRNA 1, 48% (±2.4; f= 3.5, P < 0.01) for dicer siRNA 3, and 33.7% (±1.4; t 

= 2.6, P < 0.05) for the control siRNA.
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Drosha siRNA 3 elicited a significantly greater up-regulation of Mi-eri-1 in soaked 

J2s compared with soaked egg stage M. incognita (t = 3.66, P < 0.05), as did pasha 

siRNA 1 (f = 4.9, P < 0.01). Whilst the same trend in Mi-eri-1 up-regulation from egg 

to J2 was evident following soaks in dicer siRNA 3, this was not statistically 

significant (P > 0.05). Likewise, there was no significant difference between Mi-eri-1 

transcript abundance in egg or J2 stage M. incognita following soaks in the control 

siRNA (P> 0.05).
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Figure 4.5. Mi-eri-1 transcript abundance following 24 h soak treatments of 

Meloidogyne incognita eggs and J2s in a short interfering RNA (siRNA) for each 

target gene transcript (or a control siRNA), relative to water soak controls. All 

experiments were performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.005.
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4.5. DISCUSSION

The aim of this study was to examine the efficacy of RNAi in egg stage M. 

incognita, through silencing a number of targets implicated in the heterochronic 

pathway, which could provide novel control targets. To this end, we selected the 

two main biosynthetic RNase III enzymes of the RNAi pathway, drosha and dicer, in 

addition to the co-factor pasha, as our experimental targets. We predicted that 

silencing all three transcripts individually would impact profoundly on the processing 

of miRNAs, and consequently, the nematode’s ability to direct certain developmental 

events. Additionally, this could provide us with more specific information on the 

function of these proteins in the RNAi pathway itself.

The M. incognita genome displays an unusual polyploid character which is not 

yet well understood. Whilst it has been suggested that M. incognita may represent 

an organism escaping from polyploidy by the Meselson effect, it is not clear to what 

extent similar pseudo-allelic copies are co-transcribed or indeed, functionally 

redundant (Abad et al., 2008). The selected experimental targets were identified 

and further ratified by reciprocal BLAST analysis, found to be encoded as single

copy transcripts in the M. incognita genome and to share identical predicted domain 

topology with C. elegans orthologues. Whilst reproduction by mitotic 

parthenogenesis may indeed promote differentiation of former alleles, there are 

many predicted proteins within the M. incognita genome found only in single copies. 

Why the three proteins studied here should not occur in multiple copies is not yet 

clear.

Initially, M. incognita eggs were soaked in 0.1 mg/ml drosha siRNA for 7 days, 

following a protocol which we have previously demonstrated successfully in 

silencing selected M. incognita J2 neuropeptide transcripts (Chapter 3). Although 

we found a significant inhibition of egg differentiation and J2 hatching, in addition to 

the irregular tissue development noted above, there appeared to be a hatching lag 

between the control siRNA soaked eggs and those soaked only in water. In

147



Chapter 4: RNAi-mediated lethality

addition, those J2s hatching from eggs soaked in the control siRNA would adopt 

atypical phenotypes almost immediately following eclosion. It seems possible that 

this phenomenon may be attributable to RISC saturation by the non-specific 

siRNAs, as the phenotypic aberration was further exacerbated over time (data not 

shown). This has been suggested as a possible mechanism of off-target gene 

silencing activity elsewhere (e g. Castanotto et al., 2007), and further, we have 

previously observed a similar response in M. incognita J2s following 24 h soaks in 

0.1 mg/ml long dsRNA (Chapter 2). These non-specific issues presenting in our 

control siRNA soaks over 7 days could be abolished by lowering the amount of 

siRNA to 0.05 mg/ml (data not shown). However, it later transpired that we could 

specifically induce the same developmental aberration by soaking egg stage M. 

incognita in 0.05 mg/ml drosha siRNA for 24 h. This indicates that the aberrant 

phenotypic and morphological defects which result over the subsequent 6 days 

post-soak elicit from offset heterochrony in the early stages of development, which 

impacts on later developmental events.

Lower siRNA / dsRNA concentrations are commonly believed to help avoid toxic, 

off-target or non-specific effects during RNAi screens. Hong et al. (2005) found that 

increasing amounts of exogenously applied siRNA increased the expression of 

RNAi inhibitors eri-1 and adar-1 in mice, which resulted in a faster and more 

pronounced target transcript recovery following initial siRNA exposure. We observe 

a pronounced up-regulation of Mi-eri-1 transcript abundance in M. incognita J2s 

following a number of different siRNA soaks. Although we could identify a 

proportional increase in Mi-eri-1 expression with an increase in siRNA amounts in 

the soaking solution, the up-regulation was not statistically significant between 0.05 

mg/ml and 0.1 mg/ml siRNA (data not shown), and again may indicate that uptake 

of RNAi trigger is limiting at relatively low soaking amounts. The observed up- 

regulation of Mi-eri-1 could correlate with increased siRNA concentration, either in 

response to reaching a threshold uptake level of primary siRNAs, or possibly in
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response to siRNA expression peaks secondarily amplified by endogenous RNA- 

dependent RNA-polymerases (RdRps) (Gent et al., 2010). As mice and other 

mammals are not thought to encode RdRps, their situation may differ from that of 

nematodes in that the eri-1 up-regulation response to higher concentrations of 

siRNA is most probably due to the primary siRNA population. Although we have not 

yet fully examined the effect of higher siRNA amounts on Mi-eri-1 or other RNAi 

inhibitors on transcript abundance in egg stage or J2 M. incognita siRNA soaks, it 

would be easy to envisage a situation, not dissimilar from our previous hypothesis 

(Chapter 2), whereby the increase in RNAi inhibitors could also affect the flux of 

miRNA activity and lead to problems with steady-state larval maintenance or plastic 

environmental response.

In the context of aberrant physiological responses to non-specific siRNA at high 

soak concentrations (Chapter 2), this could signify a rapid and robust response to 

clearing irrelevant siRNA at the cost of temporally interfering with local miRNA 

activities. At the egg stage, when heterochronic timing is of crucial importance, we 

might expect that the perceived benefits of a miRNA-debilitating RNAi inhibitor up- 

regulation would be offset against the potential drawbacks of irregular heterochrony. 

In this way, the relatively small up-regulation of Mi-eri-1 in the egg stage soaks 

compared with the J2 soaks presented here could represent such a cost-benefit 

trade-off.

As expected, the work presented here implicates miRNA transcriptional control 

in the early stages of M. incognita embryonation as global miRNA dysfunction, 

through silencing of the RNase III enzyme drosha, which results in aberrant 

development and ultimately, embryonic lethality. Silencing of the drosha cofactor, 

pasha, also leads to developmental complications and consequent lethality. 

Although we only focus on analyses of embryonic differentiation and hatching rate, 

drosha knock-down in developing juveniles in planta is likely to elicit developmental
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aberration during larval transitions, and may also impact on the proper maintenance 

of steady larval states.

Initially, drosha and pasha were preferred to dicer as a screening target. We 

considered the possibility that dicer may be involved in the poorly understood 

secondary amplification of siRNAs (e g. Moissiard et al., 2007). If so, this could lead 

to recursive attenuation of the impact on dicer transcript abundance as the 

secondary siRNA population may be required to efficiently propagate the silencing 

throughout the organism. The literature indicates that de novo synthesis of the 

secondary siRNAs requires an RdRp, and that the secondary siRNAs are loaded 

into a distinct secondary population of AGOs, at least in C. elegans (e.g. Sijen et al., 

2006; Yigit et al., 2006), yet we do not know how the RNA polymerisation is directed 

to form 21 - 25 bp fragments. However, it seems likely that endonucleolytic 

processing may be involved. Although it has been suggested that the nonsense- 

mediated decay pathway proteins SMG-2, SMG-5 and SMG-6 may play a role, 

either directly in amplification, or indirectly through the selection of mRNA transcripts 

to be secondarily amplified, we initially aimed to avoid any potential complications 

(Mango, 2001). Nevertheless, our aim was to conduct a robust investigation of 

miRNA-involvement in M. incognita heterochrony and we considered silencing 

multiple inter-related targets involved in miRNA biosynthesis in a bottom-up analysis 

to be a logical strategy.

Surprisingly, all three M-cf/cer-specific siRNAs elicited a significant percentage 

increase of dicer transcript following a 24 h egg soak. This could indicate a 

recursive rebound of dicer transcript in response to an ameliorated secondary 

siRNA response, or some kind of RNAi pathway protective positive feedback. There 

have been other examples of target transcript up-regulation in the literature in 

response to RNAi treatment, and as yet, no satisfactory explanation has been 

offered. A recent study on AGO binding sites in C. elegans revealed a profound 

enrichment in genes associated with miRNA function, highlighting a propensity for
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auto-regulation (Zisoulis et al., 2010). In light of this, it would be interesting to 

monitor the expression of the multiple miRNA pathway components during 

interruptions in normal miRNA pathway function.

Drosha and pasha knock-down in M. incognita J2s was much less pronounced 

than in developing eggs. Such an observation appears consistent with uptake and 

propagative considerations bearing heavily on the successful silencing of a 

particular transcript. Presumably, knockdown of the drosha and pasha transcripts 

was considerably more potent in low cell-count egg stages due to the increased 

cellular exposure to environmentally-borne siRNA, in addition to the relatively low 

number of cell-to-cell propagation events necessary for ubiquitous spread. 

Interestingly, all three M-d/cersiRNAs yielded low, yet consistent and specific, 

transcript reduction in M. incognita J2s. In situ localisation of target transcripts 

before and after silencing would afford us a qualitative view of silencing activity in 

vivo, and may reveal a geographic disparity in transcript knock-down throughout the 

nematode, or alternatively may indicate that ubiquitous global knock-down occurs, 

and transcript abundance impacts on the efficacy of silencing rigour.

Many publications concerning the function of pasha and drosha in mammalian 

systems have observed an inter-related transcript dependency, however we have no 

evidence to suggest that a similar cross-regulatory mechanism is active in the root 

knot nematode M. incognita (Han et al., 2009).

We envisage that a comprehensive annotation of M. incognita and other PPN 

miRNAs will afford us a greater understanding, not only of the processes underlying 

development, but also of the mechanisms driving miRNA function and activity in 

PPNs (Ambros et al., 2003). This in turn may have broader implications for our 

understanding of RNAi in these parasitic nematodes, and potentially on harnessing 

miRNA elements as novel control targets. Such a project has already been 

conducted on the filarial nematode Brugia malayi (Poole et al., 2010).
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5.1. ABSTRACT

We present two novel bioassays to be used in the examination of plant-parasitic 

nematode host-finding ability. The hostfinding ‘pipette-bulb assay’ was constructed 

from modelled Pasteur pipette bulbs and connecting barrels using parafilm 

fastenings. This assay examines the direction of second-stage juvenile (J2) 

migration in response to a host seedling, through a moistened sand substrate, which 

underlies terminal upward-facing ‘seedling bulbs’, one containing a host seedling in 

potting compost, the other with only potting compost. An equal watering regime 

through both upward-facing seedling bulbs creates a directional concentration 

gradient of host diffusate chemotactic factors. Positive chemotactic stimuli cause the 

J2 to orientate and migrate towards the host plant. We present validation data 

collected from assays of the root-knot nematode, Meloidogyne incognita, and the 

potato cyst nematode, Globodera pallida, which indicate a highly significant positive 

attraction of J2 of both species to respective host plants. This represents a simple, 

quick and inexpensive method of assessing host-finding behaviour in the 

laboratory .We consider that the pipette-bulb assay improves on previous host- 

finding/chemo-attraction assays through creating a more biologically relevant 

environment for experimental J2; analysis is quick and easy, allowing the 

straightforward interpretation of results.

In addition, we have developed an ‘agar trough’ sensory assay variant which we 

believe can be used rapidly to ratify nematode responses to chemical gustatory or 

olfactory cues. This was constructed from a water agar substrate such that two 

counting wells were connected by a raised central trough, all flooded with water.

Two small water agar plugs were dehydrated briefly in an oven, and then hydrated 

in either an attractant, repellent or water control; these plugs were then placed in the 

terminal counting wells and subsequently leached the attractant or repellent to form 

a concentration gradient along the central trough, which contained the initial J2 

innoculum. Our data show that both M. incognita and G. pallida J2 are positively
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attracted to host diffusates. In addition, they displayed a strong repulsion in 

response to 1M NaCI2. J2 of M. incognita displayed a mild aversion to a non-host 

oak root diffusate, whereas G. pallida J2 displayed a strong aversion to the same 

non-host diffusate; neither species responded to a compost leachate. We believe 

that the agar trough assay improves on previous methods by facilitating rapid 

diffusion of attractant or repellents. Both of the aforementioned assays were 

designed as tools to assess the impact of RNAi-based reverse genetics screens for 

gene targets involved in chemosensory orientation.
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5.2. INTRODUCTION

Assaying the behaviour of plant-parasitic nematodes in the rhizosphere presents 

many obvious difficulties. Visualisation, behavioural qualification and quantification 

all pose serious inter-related problems, which preclude the possibility of accurate 

high throughput analyses. Thus, it remains extremely difficult to model accurately 

and reproduce the stochastic nature of the local root-soil environment, the impact of 

root mucigel and associated microflora and fauna, within a convenient laboratory- 

based assay system. Here we attempt to recapitulate aspects of this environment 

within the confines of a simple assay that we have designed, being mindful of 

necessary trade-offs between true biological complexity, ease of application and 

simplicity of data collection and interpretation. Inhibition of the chemosensory 

function of plant-parasitic nematodes has long been considered a potential route to 

the control of these economically important parasites (Perry, 1996), and we consider 

that the assays presented in this study may provide useful approaches to evaluating 

novel compounds and/or reverse genetics study on chemotactic behaviour in these 

nematodes.

Previously, many diverse approaches have been used to investigate chemotactic 

behaviour in nematodes (see Spence et al., 2008, for review). However, owing to 

the significant challenge of accurately recapitulating true biological conditions, 

earlier attempts failed to provide a suitable physiological interface between 

nematode and plant. Frequently this manifests in the removal of one or more factors 

(variables) from the true host-parasite interaction, such that the situation is simplified 

considerably and is easily amenable to laboratory-based experimentation. In many 

such cases, this involves the chemotactic challenge of nematodes on a two- 

dimensional agar substrate towards gradients or point sources of water-soluble or 

volatile chemicals (Riddle & Bird, 1985; Winter ef a/., 2002). In other examples, sand 

has been used as a three dimensional substrate for nematode migration towards 

attractants or repellents (Castro etal., 1989). Another approach was to label J2
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nematodes with radioactive phosphorous, which allowed visualisation and tracking 

of the J2 around plant roots (Luc et al., 1969). The system of Zhao et al. (2000) 

employed a mesh screen to separate centrally placed nematodes from border cell 

and root exudates on one side of a sand-filled Petri dish, with an equal volume of 

water added to the other side. This was used to demonstrate the chemotactic 

response of nematodes to diffusates and/or border cells of different alfalfa cultivars. 

While useful, this assay fails along with others, either to recapitulate a true 

environment or to provide an easy and efficient way of tracking nematode responses 

to their host.

Although many chemotactic assay derivatives already exist in the literature, our 

aim was to design an assay which actually used a host plant in a simple macro

scale assay, and which was biologically relevant, robust, reproducible and easy to 

interpret. The ‘pipette-bulb assay’ offered here is a simple laboratory-based set-up 

which will allow the assessment of RNAi-mediated behavioural responses to 

biologically relevant root diffusate gradients formed in the underlying sand substrate. 

In addition, we have designed a simple agar trough assay that facilitates the 

establishment of concentration gradients in a discrete water-filled trough and well 

system. This has the advantage of being much quicker than agar assays, which 

conventionally mediate concentration gradients through the agar itself, and was 

designed to validate RNAi-mediated behaviours that may subside rapidly.
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5.3. MATERIALS AND METHODS

5.3.1. Nematode collection

Meloidogyne incognita was maintained on tomato plants (cv. Moneymaker) 

under greenhouse conditions (25°, 18 h light, 6 h dark). Roots were harvested from 

infected plants at least six weeks after initial inoculation, and washed rigorously in 

water. Egg masses were removed by brief dissolution in sodium hypochlorite (2.5% 

v/v). The free eggs were isolated by sequential washing through a series of nested 

sieves, and were rinsed thoroughly by running water. Isolated eggs were hatched in 

diethyl-pyrocarbonate (DEPC)-treated spring water, and freshly hatched J2s were 

taken immediately for assay challenge.

Globodera pallida (pathotype Pa2/3) were collected from cultures of the potato 

cultivar Cara maintained at the Agri-food Biosciences Institute (AFBI), Belfast. 

Second stage juveniles were hatched from the cysts in potato root diffusate in 

complete darkness at room temperature, washed in DEPC-treated spring water and 

taken immediately for assay challenge.

5.3.2. Host finding Pipette-bulb assay

Two hydrophobically-lined PVC Pasteur pipettes (Alpha laboratories Limited,

UK) were cut 1 cm from the bulb terminus and attached linearly by parafilm 

connection (see Fig. 5.1.). Subsequently, two more Pasteur pipettes were cut 0.5 

cm from the bulb terminus and inserted upwardly into the initial construction through 

small incisions in the horizontal terminal bulbs. These were fastened in place with 

parafilm wrapping. The upwardly facing bulbs were cut open at the top to create 

‘seedling barrels’, and used to fill the bottom bulbs and central barrel with sand. The 

upwardly facing seedling barrels were filled with seedling compost and seeded 

either with a host tomato species (cv. Moneymaker), a potato cv. Cara plantlet, or 

nothing at all, as appropriate. Both seedling bulbs were watered equally throughout 

to maintain suitable growing conditions for the developing plants and to establish a
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root diffusate gradient and moisten the underlying sand-filled sections in order to aid 

nematode migration. Usually 2 ml of water was added through each barrel at least 

twice a day during germination and seedling / plantlet growth. The watering regime 

was altered to 1 ml added through each, four times a day (more accurately, four 

times over a 10 h period) following nematode inoculation.

M. incognita J2s were injected into the connecting central barrel by syringe (21G 

x 1.5”), through the parafilm connection. Fresh parafilm was used to re-seal the 

area, and the assays were maintained in greenhouse conditions (25°C, 18 h light, 6 

h dark) in modified 15 ml falcon tube holders. Two troughs of 12.5 cm length by 1.5 

cm depth were cut into 15 ml polystyrene falcon tube holders to a width of 1.5 cm 

(the width of the falcon tube holes), using the second and fourth rows of falcon tube 

holes as guides; the Pippette-bulb assays were held tightly in an upright fashion by 

this simple apparatus. The Pipette-bulb assays were placed in the modified 

polystyrene holders, which were then covered with tinfoil such that the seedling 

bulbs were maintained in light, and the lower bulbs and central barrel (which 

contained the nematodes) were in full darkness, for 24 h in total.

Following the 24 h assay period, the upwardly facing seedling bulbs were cut 

and discarded (no nematodes were detected here following the 24 h assay time 

frame). The remaining bottom barrels were cut into three sections, the section 

immediately below the host plant (the seedling bulb), the central connecting barrel, 

and the no-seedling bulb. Each individual bulb and central barrel was transferred to 

a separate 50 ml Falcon tube (Sarstedt, Ireland) which was subsequently filled with 

40 ml of 1:1 (w/v) concentrated sucrose solution, capped, and vigorously shaken to 

dislodge the sand and nematodes within. Once the sand had been removed, the 

plastic bulbs and central barrel would float to the top, they were then rinsed over the 

falcon tube using the same concentrated sucrose solution and subsequently 

discarded. A few ml of water was added to the top of the sucrose saturated solution 

in the Falcon tube, which was then centrifuged at 350 g for 3 minutes. The top

161



Chapter 5: Novel bioassays

water layer (which now contained the nematodes present in each section) was 

transferred to a fresh 15 ml Falcon tube (Sarstedt), and the nematodes were 

counted under a binocular microscope. Nematode counts were expressed as 

percentages of total nematodes recovered, arcsine transformed and analysed by 

one-way ANOVA and Tukey’s HSD test’s using Graphpad Prism 5. Probabilities of 

<5% (P <0.05) were deemed statistically significant. Pipette-bulb assays were 

conducted blind and in triplicate for each individual experimental parameter tested, 

and were independently replicated a further three times each.

Seedling Central No-seedling
bulb barrel bulb

Figure 5.1. Pipette-buld assay. The upwardly facing bulbs were filled with compost 

to allow seedling growth, with the bottom seedling-, no-seedling bulbs, and central 

barrel filled with sand to allow migration of the J2s injected into the central barrel 

connection. Following the 24 h assay period, the up-facing bulbs were removed and 

discarded, leaving the horizontal seedling-, no-seedling bulbs, and central barrel 

which were cut from each other and washed into 50 ml Falcon tubes for sucrose 

centrifugation and counting of the J2s located in each bulb or central barrel.
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5.3.3. Agar-trough sensory assay

A second sensory assay was designed as both a validation tool for the initial 

host-finding assay, and a further method of assessing chemotactic behaviour in 

nematodes (see Fig. 5.2.). Uniform cylindrical troughs (20 mm length x 2.5 mm 

depth) with cylindrical count wells (8 mm diameter) at either end were constructed in 

2% water agar (Fluka, Sigma-Aldrich, York, UK). The cylindrical troughs were 

created by placing an appropriately sized length of tubular plastic cut from the 

handle of an inoculation loop (Technical Services Consultants Ltd, UK), onto the 

agar surface immediately following the pouring of agar. Once the water agar had 

set, the length of tubular plastic was removed using fine forceps, and the wells were 

cut at either side of the central trough using a 3 ml graduated Pastette (Alpha 

Laboratories Limited) which had been cut 5 cm from the bulb terminus (creating an 8 

mm diameter). Cutting the wells by adding slight pressure to the Pastette bulb 

allowed for easy removal of the excised plug on releasing pressure to the bulb (the 

excised agar plug is sucked into the pastette, and then discarded). Small circular 

agar plugs of diameter 3 mm were cut from the same water agar plate (this allowed 

for easy depth matching with individual assays) using the same Pasteur pipettes 

(Alpha Laboratories Limited) used in the Pipette-bulb assay above, which was cut 5 

cm from the bulb terminus (creating a 3 mm diameter), as before. The excised agar 

plugs were dehydrated for 2 min at 37°C, then rehydrated in a solution containing 

the test-substance (attractant, repellent or DEPC-treated spring water as 

appropriate), for 15 min. The 2% water agar plates were pre-saturated by flooding 

with DEPC-treated spring water for 15 min which helped humidify the closed Petri 

dish and avoid dehydration of the agar; subsequently, excess water was removed. 

The rehydrated agar plugs were dabbed onto filter paper to remove excess solution 

and placed within the appropriate assay wells. Approximately 100 M. incognita J2s 

were placed at the centre of the 2 cm trough which, along with the wells, had been 

filled with DEPC-treated spring water. The Petri dish was covered, and incubated at
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23°C for 4 h in the dark. Following the assay period, the agar plugs were removed 

from the count wells and the nematodes in each well counted; each agar plug was 

examined to ensure no J2s were attached. J2s which had not yet completed 

migration from the central trench were scored on directional posture, such that those 

nematodes with their heads orientated towards (or away from) the experimental well 

were scored as displaying positive (or negative) chemotaxis. Nematode counts 

were expressed as percentages of total nematodes applied, arcsine transformed 

and analysed by one-way ANOVA and Tukey’s HSD test’s using Graphpad Prism 5. 

Probabilities of <5% (P <0.05) were deemed statistically significant. Agar assay’s 

was conducted blind and in triplicate for each individual experimental parameter 

tested, and were independently replicated a further three times in each case.
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Excised agar plug holes

2 cm trough
____

\ /
Count wells

Pre-saturated agar

Figure 5.2. Agar sensory assay layout. Two counting wells are connected by a 

central trough and filled with DEPC-treated spring water. Small agar plugs are 

dehydrated and subsequently re-hydrated in an attractant, repellent or water as 

appropriate, and are placed within the terminal counting wells. Experimental J2 

PPNs are placed into the middle of the central trough by pipette, and following the 

assay time frame, nematodes are counted in the terminal counting wells, and those 

remaining in the central trough are counted as per Materials and methods.

5.3.4. Root diffusate & compost leachate preparation

Root diffusate was collected from a host tomato (lycopersicon esculentum cv. 

Moneymaker) (not inoculated) and non-host oak tree (Quercus spp.) maintained in 

20 cm diameter pots of compost (Fenwick, 1949). 500 ml of water was poured 

through the pots and collected below. The water collected below was passed 

through the pot and root stock twice more before filtration to remove particulate 

matter, and storage at 4°C. Both diffusates were used within one week of collection.
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Compost leachate was collected as above, from 20 cm diameter pots of compost 

containing no plant.
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5.4. RESULTS

5.4.1. Validation of initial inoculum spread in Pipette-bulb assay

As we had to account for potential spread of the initial nematode inoculum 

through the moistened sand assay arena, we began by preparing a series of 

different length central barrel assays. We examined the efficacy of 4 cm, 3 cm and 

2 cm central barrel assays by injecting the nematodes in 100 pi of water into the 

assay and immediately sampled all three assay sections for spread of the injected 

nematodes. We found no significant difference in the spread of either injected M. 

incognita or G. pallida J2s (q = 0.56, P > 0.05 and q = 1.33, P > 0.05, respectively), 

and settled on the shorter 2 cm barrel length to reduce the time necessary for 

quantifiable migration of nematodes into the terminal bulbs..

Immediately following inoculation of the 2 cm central barrel assays we sampled 

all three sections and found that 92.3 (±1.7) % of the injected nematodes were still 

present within the central barrel {q = 44.44, P < 0.001), as expected, with an even 

distribution across both outside barrels (g = 1.7, P> 0.05) (Fig. 5.3.A). We 

considered that differences in the sand volumes of each section could lead to 

problems with nematode recovery and quantification, so we equalised the sand 

weight in each barrel by adding extra sand as necessary to the central barrel 

saturated sucrose preparation, and found no quantifiable effect on recovery when 

compared to those which had not been equalised {q = 1.23, P > 0.05, n=6).

We then analysed the spread of inoculated M. incognita J2s following a 24 h 

period with no plant assays, and found that a mean 69.6 (±4.6) % remained in the 

central barrel (q = 16.96, P < 0.001), with an equal distribution in the two terminal 

bulbs (q = 1.45, P > 0.05) (Fig. 5.3.B). These experiments were repeated for G. 

pallida J2s, which yielded very similar results to the M. incognita assays (data not 

shown).
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5.4.2. Validation of migration towards host plants in Pipette-bulb assay

Assays were set up with one host tomato seedling and an unseeded compost- 

filled bulb to assess the nematodes ability to locate and migrate towards the host. 

Following a 24 h assay period a mean 71.8 (±2.3) % M. incognita J2s had migrated 

to the host seedling bulb, with a mean 19.0 (±5.6) % present within the no-seedling 

bulb (q = 12.15, P< 0.001) (Fig. 5.3.D). In the case of G. pallida, a mean 77.4 

(±5.3) % migrated to the potato plantlet bulb, with 11.17 (±1.2) % present in the no 

plantlet bulb (q = 13.75, P < 0.001) (Fig. 5.3.E).

Subsequently, we analysed the distribution of M. incognita and G. pallida J2s in 

assays with tomato seedlings or potato plantlets in both bulbs. In the case of M. 

incognita, a mean 25 (±7.1) % were located in the central barrel, with an equal 

distribution between both terminal seedling bulbs (g = 0.16, P > 0.05) (Fig. 5.3.C). A 

mean 34.8 (±4.4) % G. pallida J2s were present in the central barrel, again with an 

equal distribution of J2s in both the host plantlet bulbs (q = 0.14, P > 0.05) (Fig.

5.3.F).

We also conducted assays in which host plant seedlings or plantlets were 

transplanted into the assay a day before, or on the day of experimentation, following 

germination and growth elsewhere and found no significant difference in the degree 

of nematode migration towards the plant, for either species (data not shown).
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Bulb/barrel position Bulb/barrel position

Bulb/barrel position Bulb/barrel position

Bulb/barrel position Buib/barrel position

Figure 5.3. Assay validation for (A) distribution of Meloidogyne incognita J2s 

immediately following injection into 2 cm central barrel with no plants; (B) distribution 

of M. incognita J2s 24 h after initial injection with no plants in either barrel; (C) 

distribution of M. incognita J2s 24 h after initial injection with plants in both barrels; 

(D) distribution of M. incognita J2s 24 h following initial injection with host plant in 

one barrel; (E) distribution of G. pallida J2s 24 h following injection with host plant in 

one barrel; (F) distribution of G. pallida J2s 24 h following injection with host plants 

in both barrels. Statistical significance reported relative to the other assay positions.
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5.4.3. Validation of nematode attraction and repulsion using agar-trough 

sensory assay

Firstly, we tested the attraction of M. incognita J2s to tomato root diffusate, and 

found that a mean 45.7 (±8.25) % had migrated into the root diffusate well following 

the 4 h assay period (q = 6.9, P< 0.01). In addition, 31.63 (±13.16) % of the M. 

incognita J2s remained in the central trough and were facing the root diffusate well 

(Fig. 5.4.A). Likewise, a mean 45.4 (±4.1) % G. pallida J2s had migrated to the root 

diffusate well (q = 11.97, P < 0.001), with 41.2 (±5.3) % remaining in the central 

trough, facing the diffusate well (q = 6.8, P < 0.01) (Fig. 5.5.A). To ratify the root 

diffusate results we challenged both M. incognita and G. pallida to a non-host root 

diffusate, in this case from an Oak tree (Quercus spp ). Only 3.1 (±0.16) % of M. 

incognita J2s migrated to the non-host diffusate well (g = 1.8, P > 0.05), with 30.97 

(±6.1) % in the central trough facing the non-host diffusate, and 54.37 (±5.6) % 

facing the water well (q = 5.0, P < 0.05), leaving 11.55 (±4.3) % in the water well (q 

= 4.78, P < 0.05) (Fig. 5.4.B). These data indicate that the Oak diffusate acts as a 

mild M. incognita repellent. In the case of G. pallida, a mean 3.3 (±0.9) % had 

migrated to the non-host diffusate well, with 15.7 (±1.9) % retained in the central 

trough, facing the non-host diffusate well, and 46.0 (±3.2) % facing the water well (g 

= 12.16, P< 0.001), leaving 35 (±3.2) % in the water well (g = 12.7, P < 0.001) (Fig. 

5.5.B). These results show that Oak tree diffusate elicits a strong repulsion in G. 

pallida J2s. Further validation of the observed attraction and repulsion of M. 

incognita and G. pallida J2s to various solutions was conducted using a compost 

leachate. An even spread of both M. incognita and G. pallida J2s was observed 

between the compost leachate and water wells (g = 1.77, P > 0.05 and g = 1.45, P 

> 0.05, respectively), with no significant difference in nematode orientation within the 

central trough (g = 1.80, P > 0.05 and g = 1.08, P > 0.05, respectively), which 

demonstrates that the observed responses to host and non-host diffusate was not 

simply a property of its collection or application.
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We then challenged M. incognita J2s to an agar assay with both wells containing 

root diffusate and found an equal distribution of nematodes between each well (q = 

1.13, P > 0.05). Following, the nematodes were challenged to an assay containing 

water-soaked agar plugs in both wells, and again, we found an equal distribution of 

nematodes between wells (g = 1.45, P > 0.05), with most J2s remaining in the 

central trough.

We later examined the chemosensory response of nematode J2s to other 

chemical repellents and attractants. We found that agar plugs hydrated with 1M 

NaCI strongly repelled both M. incognita (Fig. 5.4.D) and G. pallida J2s (Fig. 5.5.D) 

when in a single well (q= 11.71, P < 0.001; and q = 5.24, P < 0.05 respectively), or 

in both wells where the nematodes aggregated in the extreme centre of the trough 

(g = 13.23, P < 0.001). We examined the impact of CaCI2 on both nematodes as an 

example of a nematode attractant published elsewhere (Winter et al. 2002). We 

tested a 50 mM solution as used previously, but found no significant effect on either 

nematodes over a 4 h assay period (g = 1.43, P > 0.05 and g = 0.89, P > 0.05, 

respectively). Re-hydrating the agar plugs with 1M CaCI2 elicited a mild attraction of 

G. pallida (Fig. 5.5.C), yet acted as a strong repellent to M. incognita J2s (Fig.

5.4.C).
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Figure 5.4. Agar assay validation, showing distribution of Meloidogyne incognita 

J2s in response to (A) single root diffusate well; (B) non-host root diffusate well; (C); 

1M CaCI2 well; and (D) 1M NaCI well.
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Figure 5.5. Agar assay validation, showing distribution of Globodera pallida J2s in 

response to (A) single root diffusate well; (B) non-host root diffusate well; (C); 1M 

CaCI2 well; and (D) 1M NaCI well.
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5.5. DISCUSSION

Issues associated with in vitro assay techniques for chemotactic response and 

migration of PPNs are numerous, and have been well documented (Spence et al., 

2008). We believe that the sensory assays presented here circumvent some of the 

issues inherent to this type of investigation, although many such assays and 

variants thereof already appear in the literature, some of which have been shown to 

provide useful data (Luc et al., 1969; Riddle & Bird, 1985; Castro et al., 1989; Zhao 

et al. 2000; Winter et al., 2002). The assays presented here were designed 

specifically to analyse RNA interference (RNAi) phenotype data in treated PPN J2s. 

The Pipette-bulb assay improves on previous techniques through presenting 

experimental PPN J2s with a biologically relevant source of root diffusate, and in an 

environment which more closely resembles that in the field. However, we 

appreciate its limitations which present through inherent physical constraints on 

nematode and diffusate dispersal and accumulation of diffusate concentrations in a 

closed circuit assay. In addition, the abrasive nature of nematode isolation following 

assay completion, using extended sucrose centrifugation procedures, means that 

we are unable to conduct any assessment of the nematodes thereafter, unlike agar- 

based assays. However, the validation data presented here demonstrate the 

efficacy of such an assay, which now provides a platform for the investigation of 

novel chemosensory control agents, or reverse genetics study in PPNs. Likewise, 

we consider that the agar-trough assay detailed here improves on previous agar 

assay formats. An issue with previous agar based assay platforms was the time 

taken for solute diffusion through the agar substrate. The diffusion gradient formed 

by attractants and / or repellents in the agar assay presented here occurs in the 

water channel, not through the agar itself, which undoubtedly takes place much 

more quickly. This reduces the time frame necessary for our assay and may allow 

more robust analysis of RNAi phenotypes, for example, which may only present 

over restricted periods post-treatment.
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We envisage many possible adaptations of the basic host finding Pipette-bulb 

assay presented here. These could include host preference studies, where different 

species could be planted in each barrel. Pre-infected host plants could be used to 

examine responses to sex pheromones or potential quorum sensing-like signals 

and potential impact on host-finding ability. Also, whilst we have used sand as the 

matrix through which the nematodes must migrate, specific soil types could easily 

be substituted.

During our validation of the agar sensory assay we challenged both M. incognita 

and G. pallida J2s to an assay containing a non-host diffusate well. The results 

indicate that M. incognita J2s displayed a slight repulsion in response to the 

solution, whereas G. pallida J2s exhibited a strong repulsion. When considering the 

host ranges of both nematodes, it may be no surprise that G. pallida, a parasite 

specifically of Solanaceae plants, would avoid a non-host diffusate. In contrast, M. 

incognita, a root knot nematode which can infect over two thousand flowering plant 

species, does not avoid the non-host diffusate to the same degree. We also 

observed an interesting disparity in response to a 1M CaCI2 solution. Whereas a 1M 

NaCI source proved a strong repellent for both nematodes, the CaCI2 acted as a 

moderate attractant for G. pallida J2s, and a strong repellent for M. incognita J2s.

In conclusion, we believe that the host finding Pipette-bulb assay presented here 

offers a fair balance between simplicity of construction, implementation, data 

analysis, and a true reflection of the biological interaction it aims to model. 

Additionally, the agar-trough assay offers a quick validation tool for the examination 

of nematode attraction and / or repulsion to a point source, which in our opinion 

offers some advantages over previous agar assay techniques.
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6.1. ABSTRACT

The host-finding response of plant parasitic nematodes (PPNs) centers on the 

identification and localization of chemotactic factors found in the diffusate of host 

plants. This study reveals that putative Meloidogyne incognita orthologues of 

Caenorhabditis elegans cillial motor proteins, Mi-che-3 and Mi-osm-3, perform roles 

in maintaining the functionality of nematode amphids, which allow the detection of 

chemical gradients from the environment. We demonstrate that transcript 

knockdown by RNAi can recapitulate the aberrant response to chemotactic and 

osmotic gradients characteristic of the respective C. elegans mutants. Our results 

indicate that knockdown of both transcripts inhibits the normal attraction and 

repulsion responses of M. incognita J2s. We examined the potential impact of 

target silencing on general motility, movement and behavior of the treated 

nematodes using a geotactic migration assay, and video analysis platform, both of 

which indicate that the inhibition of normal chemotactic behavior observed of the 

silenced nematodes was not due to a general reduction in motility, or behavioral 

aberration. Using this platform we examined the role of various neuropeptides in 

coordinating chemosensory responses. We find that the FMRFamide-like peptide 

(FLP) Mi-flp-21 which is involved in the social feeding phenotype of C. elegans and 

is expressed in amphidial sensory neurons, plays a role in modulating sensory 

perception in the root knot nematode M. incognita. In C. elegans, flp-1 is also 

known to be involved in coordinating osmotic avoidance responses, however, we 

observed that M. incognita Mi-flp-1 silenced nematodes display a reduced motility 

potential, which we could not easily divorce from a specific chemosensory inhibition. 

This work demonstrates that RNAi can recapitulate null-phenotypes of functionally 

conserved amphid proteins in the root knot nematode M. incognita, and further 

reveals a role for neuropeptides in the coordination of sensory perception, which 

could be exploited by novel control measures.
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6.2. INTRODUCTION

Root knot nematodes (RKNs) hatch in the soil as non-feeding, motile second 

stage juveniles, whereupon they locate and migrate towards suitable host plants by 

following concentration gradients of gustatory and olfactory cues which elicit 

primarily from areas of active root growth (Perry and Aumann, 1998). In lieu of 

reliable, environmentally sound nematicides, efforts to control these economically 

important parasites have recently focused on potential in planta solutions, including 

the utility of a plant-borne RNA interference (RNAi) response e.g.(Huang et al.,

2006; Yadav et al., 2006; Fairbairn et al., 2007; Sindhu et al., 2008). However, the 

period from J2 eclosion to host invasion and in planta orientation may still provide 

opportunities for targeted intervention strategies. Inhibition of RKN sensory 

perception both ex planta and in planta could present such an opportunity. To this 

end we aimed to assess aspects of the molecular mechanisms underlying 

chemotactic competence and the host finding ability of M. incognita J2s.

Specifically, we were interested in the potential involvement of various 

neuropeptides in modulating such behavior. Neuropeptides are well conserved 

across the phylum Nematoda (McVeigh et al., 2006), and are known to coordinate 

various aspects of physiology, including neuromuscular activity, feeding, 

reproduction and development (Maule et al., 2002).

In order to investigate neuropeptide involvement in sensory perception of M. 

incognita it was necessary to first develop and validate a robust platform of positive 

controls and assay systems. Following a BLAST-based bioinformatics search of the 

M. incognita genome (Abad et al., 2008), we selected putative orthologues of C. 

elegans che-3 and osm-3 genes for ratification as positive controls in a series of 

sensory and behavioral assays. C. elegans che-3 encodes a heavy chain dynein 

motor protein known to be involved in the synthesis and maintenance of ciliated 

sensory neurons (Wicks et al., 2000). Likewise, the kinesin II family member osm-3 

encodes a homodimeric motor protein involved in intraflagellar transport (IFT)
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(Silverman and Leroux 2009). C. elegans mutants for both genes display seriously 

compromised chemosensory function as a result of irregularities in amphid structure, 

and display abnormal perception and integration of external cues and stimuli. This 

is demonstrable through atypical amphid dye-filling patterns when soaking in FITC 

(fluorescein isothiocyanate) or Dio (3, 3’-dioctadecyloxacarbocyanine perchlorate), 

and decreased sensitivity to the anthelmintic ivermectin, likely as a result of irregular 

amphid morphologies and reduced uptake (Starich et al.„ 1995). We considered 

that the highly conserved nature of these proteins and their function could mean that 

knockdown of these targets would inhibit normal chemosensory processes in M. 

incognita J2s, which we have previously shown amenable to gene silencing by RNAi 

(Chapter 3).

In this study we also focus on the FMRFamide-like peptides (FLPs), Mi-flp-1 and 

Mi-flp-21, ortholgoues of which are known to coordinate aspects of chemosensation 

in C. elegans. C. elegans flp-1, which can encode up to seven distinct 

neuropeptides, has been implicated in the coordination of osmotic avoidance 

(Nelson etal., 1998). FLP-21 (GLGPRPLRFamide) is a ligand of the G-protein 

coupled receptor (GPCR) NPR-1 which confers social or solitary feeding 

phenotypes in C. elegans depending on the identity of a variable residue position of 

the third intracellular loop, with flp-21 inhibiting social feeding (de Bono and 

Bargmann 1998; Kubiak et al., 2003; Rogers et al., 2003). The six neuropeptides 

encoded by flp-18 share a carboxyterminal PGVLRFamide signature and are also 

ligands of NPR-1 in C. elegans. Since we have already shown that Mi-flp-18 

knockdown severely compromises M. incognita motility and behavior, it was not 

considered further in this study (Chapter 3).
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6.3. MATERIALS AND METHODS

6.3.1. BLASTp identification of chemosensory targets for RNA interference 

(RNAi).

A number of Caenorhabditis elegans chomotaxis defective genes were selected 

as potential positive controls for the host sensing assay, Meloidogyne incognita 

orthologues-pending. The strongest candidates in our view included a range of C. 

elegans osm (osmotic avoidance defective) and che (abnormal chemotaxis) genes, 

however numerous daf (abnormal dauer formation), c/yf (abnormal dye filling) and 

odr (odorant response abnormal) gene products may also have been suitable, in 

addition to others. Ideally, the candidate would: (1) be heavily implicated in normal 

chemosensory function; (2) have a negligible impact on normal nematode motility 

and migratory ability; (3) be easily amenable to phenotypic assay following silencing; 

and (4) would be present as an individual copy gene in the M incognita genome in 

order to avoid potential complications regarding co-expression or redundancy with 

putative alleles.

Based on the aforementioned criteria, we found that both che-3, a retrograde 

dynein heavy chain motor protein, and osm-3, a kinesin-2-like anterograde motor 

protein, proved the best candidates. Putative che-3 and osm-3 orthologues were 

identified by BLASTp against the M. incognita predicted protein set using standard 

parameters. Manual curation of the most significant BLASTp returns (bit score 

>100, expect <1e"10) revealed that only the top hit in both cases displayed the 

correct domain identity and architecture of putative CHE-3 and OSM-3 proteins 

(Minc08571 & and Minc15063 respectively). This was further ratified by reciprocal 

BLASTp to C. elegans, which again, in both cases returned the expected che-3 and 

osm-3 proteins. The putative M. incognita orthologues, hereafter Mi-che-3 and Mi- 

osm-3, occurred as individual full length single copy transcripts; an important 

consideration in their selection for this study given issues with gene transcript 

multiplicity throughout the M. incognita genome (Abad et al.„ 2008). Subsequent
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tBLASTn analysis of the 10X contig assembly, unplaced reads and EST databases 

of the genome and public repositories did not reveal any further candidates. The 

amplicons of both Mi-che-3 and Mi-osm-3 were amplified, cloned, sequenced 

(GATC biotech; http://www.gatc-biotech.com) and found to match the predictions 

(Abad et al., 2008). In addition, a putative M. incognita orthologue of FLP-1 was 

identified from publically available EST databases by tBLASTn (NCBI accession: 

AY729023 / genome protein code: Minc04073), and was then cloned and sequence 

verified. A putative M. incognita FLP-21 orthologue (genome protein code:

Mind 8248) was also identified using a similar tBLASTn search strategy of the M. 

incognita genome, which was again cloned and sequence verified as before.

6.3.2. RNAi and quantitative (q)PCR analysis.

Two siRNAs were designed to Mi-che-3, Mi-osm-3, Mi-flp-1 and Mi-flp-21 each 

(see Table 6.1. for siRNA sequences). Soaks were carried out as before (Chapter 

3). Briefly, -300 freshly hatched M. incognita J2s were incubated in 0.1 mg/ml 

siRNA in DEPC-treated spring water for 24 h. Individual soaking treatments were 

conducted in triplicate for each target-specific siRNA, a control siRNA, and 

untreated DEPC-spring water-soaked M incognita J2s. Subsequently, poly A+ RNA 

was extracted from each biological replicate, two cDNA batches were synthesized 

from each, and used in a SYBR green qPCR reaction which measured target 

transcript (see Table 6.2. for primer sequences) abundance in addition to a series of 

endogenous control genes which comprised Mi-p-actin, Mi-fi-tubulin, Mi-flp-18, and 

Mi-flp-12. Both target and endogenous control primer sets were used individually in 

triplicate reactions from each of the resulting cDNA batches. A pre-validated 

Globodera pallida Gp-flp-12 siRNA was employed as control throughout (Chapter 3). 

Primer efficiency was calculated for each individual reaction using the method of 

Zhao and Fernald (2005), and target transcript relatively quantified against the 

geometric mean of the endogenous controls using a derivative of the Pfaffl method
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(Pfaffl 2001). Data was expressed as percentage change, arcsine-transformed and 

analyzed by one-way ANOVA and Tukey’s HSD test using GraphPad Prism 5; 

probabilities of less than 5% (P <0.05) were deemed statistically significant.

Table 6.1. Short interfering (si)RNA sequences.

Gene Sequence (5’ - 3’)
Mi-che-3 siRNA 1 S:GGGCUAACCAUUUAAAUAAUU

A:UUAUUUAAAUGGUUAGCCCAU
Mi-che-3 siRNA 2 S:GCGGGCAAGGUCUCGCAGAUU 

A: UCUGCGAGACCUUGCCCGCUU

Mi-osm-3 siRNA 1 S: CCCACCCAAAUUGUUCACUUU 
A:AGUGAACAAUUUGGGUGGGUU

Mi-osm-3 siRNA 2 S: CCUCGCGCUUUUGAACAUAUU 
A:UAUGUUCAAAAGCGCGUGGUU

M/'-f/p-7-siRNA 1 SiGGCCGAAGUAGUGGAGGAAUU
A: UUCCUCCACUACUUCGGCCAA

Mi-flp-1 siRNA 2 S: GGGAUUAGUCGGCCAAGUUU 
A:ACUUUGGCCGACUAAUCCCUU

M-/7p-27-siRNA 1 S:GCUGAAUUGGUAAAAGAAAUU
A:UUUCUUUUACCAAUUCAGCUA

M-f/p-27-siRNA 2 S:GGGCCAUAAUAAUGUUUUGUU
A:CUUUUCAUUAUUAUGGCCCUU

S, sense strand; A, antisense strand; all siRNAs 21 bp long.

Table 6.2. Quantitative PCR oligonucleotide primers.

Gene (genome 
protein tag) Sequence (5’ - 3’) Amplicon size 

(bp)
Mi-che-3 F: TTTTACTTTCTTGGGGATGA

R: CTCATTTCCTCACTCAAAGC 261

Mi-osm-3 F:AACGCCTTGATGAAAGTATG
R: CCGATTAGTGGATGAATTGT 227

Mi-flp-1 F: GTCAGTTTTGGGTGCTACA 
R:ATTATGTTGTTGTTGTTGGTTG 236

Mi-flp-21 F: GTTGAAGGGTTTAGAAGCAA
R:GTCCAAAACGTAAAGGTCTG 250

F, forward primer; R, reverse primer.
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6.3.3. Host-finding and positive geotactic migration assays.

A novel host plant finding migration assay was used to validate the impact of 

target knockdown on the host sensing response in M. incognita. The host-finding 

assay challenges the lateral movement ability of J2s through sand-filled tubing, 

directionally towards or away from a host plant seedling in response to root diffusate 

concentration gradients (unpublished data). The assay was of simple construction 

from modeled Pasteur pipettes and parafilm connections, which allowed for quick 

and inexpensive assembly (chapter 5). Briefly, hyrophobically-lined PVC Pasteur 

pipettes were cut 0.5 cm from the bulb terminus and attached linearly by parafilm. 

Following, two more Pasteur bulbs were cut 0.5 cm from the bulb terminus and 

inserted upwardly, one each into the lateral terminal bulbs. The upwardly facing 

barrels were cut at the top and used to fill the bottom section with sand, and 

subsequently, the upwardly facing barrels were filled with seedling compost, one 

being used to germinate a host tomato seedling, and the other left without seedling. 

Both barrels were watered consistently and equally. Experimental J2s were injected 

into the central barrel through the parafilm seal by syringe (21G x 1.5”). The assays 

were maintained in greenhouse conditions (25°C, 18 h light, 6 h dark) for 24 h, such 

that the upwardly facing seedling and no-seedling barrels remained exposed to the 

light-dark cycle, whereas the lower central barrel and terminal bulbs were covered 

with tinfoil to maintain the nematodes in complete darkness, following the 24 h 

assay period, the terminal bulbs and central barrel were cut from each other and 

contents removed and separated by sucrose centrifugation. M. incognita J2s were 

counted from each of the terminal bulbs and central barrel.

In addition, we investigated the positive geotactic migratory ability of treated J2s 

using an established migration assay format (Chapter 3), with the assay timeframe 

extended from 4 h to 6 h, and the plant host root diffusate replaced with DEPC- 

treated spring water. In both cases, nematode counts were expressed as 

percentages of total nematode count, arcsine transformed and analyzed be one-way
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ANOVA and Tukey’s HSD test’s using Graphpad Prism 5. Probabilities of <5% 

(P<0.05) were deemed statistically significant. Individual nematode treatments were 

assessed in triplicate for both assays.

6.3.4. Ethovision Video-Based Mobility Analysis.

The impact of gene silencing on movement and behavior of M. incognita J2s was 

further tested by live video recording of nematode movement and analysis with 

Ethovision XT motion-tracking software (Noldus). Quantification utilized Ethovision’s 

“mobility” feature, whereby the system recorded 8.3 images of the nematode per 

second and measured the proportional change of pixilated two dimensional 

nematode area between images. Both untreated and treated data sets were 

collected in replicates of five nematodes which were selected blind and at random 

from larger batches ~300 soaked J2s (conducted as above for qPCR analysis).

Each individual nematode was transferred from the soaking solution to a 2 % water 

agar Petri dish which had been flooded with DEC-treated spring water. The 

nematodes were allowed to acclimatize to the water agar plate conditions for two 

minutes, before video recording and analysis over a subsequent one minute using 

the static subtraction method with subject detection set to darker than background. 

Contrast range was set at 14 - 255, with the contour erosion setting turned off and 

contour dilation setting on.

6.3.5. Agar sensory assay.

A second sensory assay was designed as both a validation tool for the initial 

host-finding assay, and a quicker method of assessing chemotactic behavior in 

nematodes(unpublished data). Briefly, uniform cylindrical troughs (20 mm x 2.5 

mm) with cylindrical wells (8 mm diameter) at either end were constructed in 2% 

water agar. Small circular agar plugs of diameter 3 mm were prepared and 

dehydrated for 2 min at 37°C, then rehydrated in a solution containing the attractant,
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repellent or DEPC-treated spring water as appropriate, for 15 min. The 2% water 

agar plates were pre-saturated by flooding with DEPC-treated spring water for 15 

min, and excess removed. The rehydrated agar plugs were dabbed onto filter paper 

to remove excess solution and placed within the appropriate assay wells. 

Approximately 100 treated or untreated M. incognita J2s (contained in a 10 pi 

aliquot of the soaking solution outlined for qPCR analysis above) were placed at the 

centre of the 2 cm trough which, along with the wells, had been filled with DEPC- 

treated spring water. The Petri dish was covered, and incubated at 23°C for 4 h in 

the dark. Following the assay period, the agar plugs were removed and the 

nematodes in each well counted; each agar plug was examined to ensure no J2s 

were attached. In addition, J2s which had not completed migration from the central 

trench were scored on directional posture, such that those nematodes with their 

heads orientated towards (or away from) the experimental well were scored as 

displaying positive (or negative) chemotaxis. Nematode counts were expressed as 

percentages of total nematode count, arcsine transformed and analyzed by one-way 

ANOVA and Tukey’s HSD test’s using Graphpad Prism 5. Each treatment was 

examined in triplicate. Probabilities of <5% (P <0.05) were deemed statistically 

significant.

6.3.6. FITC / DiO soaks and confocal scanning laser microscopy.

Several batches of ~ 300 M. incognita J2s were soaked in FITC or DiO (1 mg/ml 

dissolved in DEPC-treated spring water) for 24 h. Following incubation, excess dye 

was removed by at least 3 washes in DEPC-treated spring water. Nematodes were 

then immobilized by incubation in 7.1 % MgCI2, mounted on microscope slides in 

PBS/glycerol (1:9 [v/v]), and viewed on a Leica SP2 confocal scanning laser 

microscope. Positive control experiments, using C. elegans in parallel to M. 

incognita, were performed to validate this staining protocol, proving successful in all 

cases (data not shown).
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6.4. RESULTS 

6.4.1. qPCR analysis.

Both Mi-che-3 siRNA 1 (- 29.73% ± 4.36, q = 5.9, P < 0.01) and siRNA 2 (- 

28.95% ± 4.85, q = 5.74, P < 0.01) elicited modest, yet significant decreases in 

target transcript abundance, as did Mi-osm-3 siRNA 1 (-33.7% ±2.5, q = 6.73, P < 

0.001) and siRNA 2 (-38.7% ±4.01, q = 7.78, P< 0.01). Mi-flp-1 siRNA 1 gave an 

89.7% decrease (± 2.7, q = 15.09, P< 0.001) with siRNA 2 yielding an 88.5% 

reduction (± 2.5, q = 14.89, P< 0.001). Mi-flp-21 siRNA 1 soaks resulted in a 

49.53% decrease (± 8.42, q = 8.54, P < 0.001), and siRNA 2 in a 47.12% transcript 

knockdown (± 6.8, q = 8.14, P < 0.001) (Fig. 6.1.).
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Ficure 6.1. Quantitative PCR analysis of (A) Mi-che-3, Mi-osm-3, (B) Mi-flp-1 and 

Mi-:lp-21 transcript abundance following RNAi and control treatments (± SEM), 

relative to water soak controls.
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6.4.2. Host finding assay.

A mean 71.8 (±2.3) % (q = 7.75, P< 0.001 [compared to the non-seedling barrel 

here and following]) of control treated and 72.7 (±5.9) % (g = 7.13, P < 0.001) of 

untreated M. incognita J2s migrated to the seedling barrel of the host finding assay. 

In contrast, RNAi knockdown of either Mi-osm-3 or Mi-che-3 significantly reduced J2 

migration to the seedling barrel: 24.7 (±1.15) % and 26.33 (±3.53) % of Mi-osm-3 

siRNA 1 and siRNA 2 treated (P > 0.05) J2s, respectively; 26.83 (±2.13) % and 22.7 

(±6.7) % of Mi-che-3 siRNA 1 and siRNA 2 treated (P > 0.05) J2s, respectively (see 

Fig. 6.2.). A mean 2 (±0.6) % of Mi-flp-1 siRNA 1-treated J2s migrated to the 

seedling barrel (g = 0.98, P> 0.05), along with 1.7 (±1.9) % of siRNA 2-treated (g = 

0.56, P > 0.05), leaving 95 (±0.7) % in the central barrel. In the case of Mi-flp-21 

siRNA 1-treated M. incognita, 17 (±1.5) % migrated to the seedling barrel (g = 0.76, 

P > 0.05), leaving 57 (±4.2) % of the treated J2s in the central barrel, and 26 (±3.8) 

% in the non-seedling barrel. Thus the Mi-flp-21 knockdown J2s displayed a normal 

distribution across the assay arena, indicating a reduction in chemotactic attraction 

to the host plant. Likewise, 20 (±7.6) % of Mi-flp-21 siRNA 2-treated J2s migrated to 

the seedling barrel (g = 0.94, P> 0.05), with 50.7 (±3.8) % remaining in the central 

barrel, and 26 (±7.2) % in the no-seedling barrel.

C
CD
E
030

Control siRNA -

Mi-che-3 siRNA 1 -

Mi-osm-3 siRNA 1-

Mi-flp-1 siRNA f-]f

Mi-flp-21 siRNA 1 -

1 --------  *★* ------------- 1

i an
i............. )

- h m
--------- 1------------1------------1------------r

40 60 80 1000 20

% J2s present at each barrel position

LZ] No seedling barrel 
LID Centre 
■1 Seedling barrel

Figure 6.2. Impact of control and experimental short interfering (si)RNAs on the 

host-finding ability of Meloidogyne incognita J2s (± SEM). ***, P<0.001.
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6.4.3. Geotactic migration assay.

To assess the impact of target transcript knockdown on nematode movement 

and behavior we challenged the treated J2s to migrate down through a sand column 

(Chapter 3). Although Mi-che-3 siRNA 1 and siRNA 2 soaked M. incognita J2s 

displayed a reduced migratory ability, this was not statistically different from 

untreated or control treated J2s (P > 0.05). Neither did Mi-osm-3 or Mi-flp-21 

knockdown impact on migratory ability (P> 0.05). However, silencing Mi-flp-1 

resulted in a serious inhibition of migratory ability (g = 13.52, P < 0.001 for siRNA 1; 

and q = 9.6, P= 0.001 for siRNA 2), which corresponded with a slow uncoordinated 

phenotype (Fig. 6.3.).
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Figure 6.3. Mean percentage migration of short-interfering (si)RNA-treated and 

untreated Meloidogyne incognita J2s down through a sand column after 6 hours (± 

SEM), relative to water soak controls (untreated). ***, P<0.001.
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6.4.4. Video-based mobility analysis.

A mean percentage mobility value was calculated for individuals of each 

treatment set, such that control treated M. incognita J2s displayed a 102.1 (±16.23) 

percentage area change per minute, which did not differ statistically from untreated 

or any of the Mi-che-3, Mi-osm-3 or Mi-flp-21 silenced J2s. Mi-flp-1 silenced M. 

incognita J2s displayed a significantly reduced movement ability of 25.14 (±7.25) % 

area change per minute (q = 7.61, P< 0.001) and 34.7 (±10.48) % area change (q = 

7.04, P < 0.001) for siRNA 1 and siRNA 2 treated J2s, respectively (Fig. 6.4.).

These data are congruent to those presented by the geotactic migration assay (Fig 

6.3.), and further indicate that the migratory inhibition observed of Mi-flp-1 

knockdown nematodes resulted from aberrant motility.
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Figure 6.4. Mean percentage nematode area change per minute of short interfering 

(si)RNA-treated and untreated Meloidogyne incognita J2s (± SEM), relative to water 

soak controls (untreated). ***, P<0.001.

6.4.5. Agar sensory assay.

On challenging control treated M. incognita J2s to an agar sensory assay with 

one host root diffusate well, after 4 h 47.7 (±12.12) % had migrated into the host 

diffusate well (q = 6.65, P < 0.01), with 36.3 (±10.02) % of those remaining in the 

central trough facing the host diffusate well {q = 2.91, P > 0.05) (Fig. 6.5.A). 

Subsequently, when examining the repulsion of J2s in response to a 1M NaCI well 

(negative osmotactic response), we found that only 2.37 (±1.18) % of the control
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treated J2s had migrated to the NaCI well after 4 h, with 9.83 (±2.44) % facing the 

NaCI well from the central trough, leaving 28.7 (±4.16) facing away from the NaCI 

well {q = 4.08, P > 0.05) and 56.13 (±7.78) % in the water well (g = 12.58, P <

0.001) (Fig. 6.5.B). Thus we see a strong attraction of control treated J2s to host 

root diffusate, and a strong repulsion from 1M NaCI, which did not differ statistically 

from the response of untreated M. incognita J2s (data not shown).

On challenging Mi-che-3 silenced M. incognita J2s to the same assays, we found 

an even distribution of J2s across the assay arena for both the host root diffusate 

attractant, and the 1M NaCI repellent, clearly indicative of reduced chemo- and 

osmo-sensory capacity (Fig. 6.5.C & D). Silencing Mi-osm-3 yielded similar results 

(data not shown). Subsequent analysis of Mi-flp-21 silenced J2s revealed a 

reduced attraction to root diffusate, with an even distribution across the assay (Fig. 

6.5.E). However, Mi-flp-21 silenced J2s were still capable of negative osmotaxis, 

avoiding 1M NaCI, with 4.33 (±2.33) % located in the NaCI well, 11.67 (±7.27) % 

facing the NaCI well from the central trough, 31 (±4.93) % facing the water well, and 

51.67 (±10.68) % located in the water well (g = 6.75, P< 0.01) (Fig. 6.5.F).
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Figure 6.5. Distribution of untreated (A & B), Mi-che-3 silenced (C & D), and Mi-flp- 

21 silenced (E & F) Meloidogyne incognita J2s following agar sensory assay 

challenge to a host root diffusate attractant, and 1M NaCI repellent, respectively (± 

SEM). **, P<0.01; ***, P0.001.
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6.5. DISCUSSION

Collectively, our data indicate a role for cilial motor proteins Mi-che-3 and Mi- 

osm-3 in the maintenance of cilial processes necessary for the detection and 

transmission of chemotactic cues from their environment. Although the knockdown 

of each transcript was relatively low following qPCR analysis, the knockdown trend 

was obvious and consistent. We attempted to assess the functionality of J2 

amphids in both treated and untreated specimens using established dye-filling 

assays from C. elegans. Although FITC uptake through amphidial and / or 

phasmidial processes has been reported elsewhere for PPNs (Winter et al., 2002), 

we found no evidence for either FITC or DiO dissemination in neuronal dendrites or 

cells of M. incognita J2s, whereas we could in C. elegans (data not shown). 

Furthermore, we found that issues with the water solubility of ivermectin meant that 

we were unable to determine if sensitivity was affected following Mi-che-3 or Mi- 

osm-3 knockdown in M. incognita J2s. As we observe a general positive geotactic 

migration of M. incognita J2s, we reasoned to analyze normal motor function and 

behavior using a modified migration assay, and found that none of the Mi-che-3 or 

Mi-osm-3 siRNAs inhibited migratory ability of the nematodes. This was further 

ratified through the video analysis software platform, Ethovision, which quantifies 

two-dimensional percentage area change of the nematodes. This confirmed that 

gross nematode mobility was unaffected by Mi-che-3 or Mi-osm-3 knockdown. Both 

sensory assays revealed that even modest levels of Mi-che-3 or Mi-osm-3 transcript 

reduction resulted in a significantly decreased ability to migrate towards attractants, 

and away from repellents, as expected a priori. Thus, on the basis of strong 

sequence similarity, conserved domain architecture, identity and functional 

conservation with putative C. elegans che-3 and osm-3 orthologues, as evidenced 

by chemotactic aberration following RNAi, we conclude that these M. incognita Mi- 

che-3 and Mi-osm-3 proteins are in fact orthologous to those in C. elegans.
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This work provided a platform from which to investigate the potential involvement 

of various neuropeptides in the modulation of chemotactic perception in M. 

incognita. In this study we focused on the FLPs, Mi-flp-1 and Mi-flp-21, orthologues 

of which are known to coordinate aspects of chemosensation in C. elegans. 

Unsurprisingly perhaps, we found that Mi-flp-1 silenced M. incognita J2s displayed 

aberrant phenotypes and motile inhibition, as adjudged by visual inspection, 

geotactic migration assay, and Ethovision, which precluded analysis of its 

involvement in sensory perception. In C. elegans, ftp-1 mutants display hyperactive 

uncoordinated phenotypes in addition to the osmolarity sensing deficiencies that we 

were interested in. However, we found it impossible to separate these effects from 

any useful sensory perception analysis at the behavioral level. By contrast, Mi-flp- 

21 silenced M. incognita J2s displayed no significant change in movement or 

phenotype from control treated and untreated subjects. Indeed, on challenging the 

silenced J2s with both sensory assays we found a significant decrease in positive 

chemoattraction to host root diffusate, though a similar response to wild type 

following 1M NaCI challenge. These observations seem consistent with Mi-flp-21 

coordinating specific aspects of sensory perception, namely that of detecting signals 

from host root diffusates.

Flp-1 is expressed in C. elegans interneurones which receive synaptic input from 

chemosensory neurones (Nelson et al., 1998). Our data indicate that it may be 

easier to examine chemotactic involvement of those neuropeptides expressed in 

specific chemosensory neurones, or those involved in upstream signalling events, 

as Mi-flp-1 silencing results in an uncoordinated phenotype, similar to the knockouts 

in C. elegans. Previously we have shown that Mi-flp-18 knockdown has a serious 

impact on M. incognita J2 mobility and behaviour (Chapter 3), which is also 

expressed in interneurones of C. elegans that similarly receive input from 

chemosensory neurones. Although differences exist in the expression pattern of 

orthologous neuropeptides between some nematode species (Kimber et al., 2002),
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this does not necessarily indicate a functional disparity, and thus C. elegans may 

still represent a useful model to study neuropeptide function across nematode 

species.

Multi-perturbation studies of neurone pair ablations in C. elegans show that ASH 

and ASE neurones function antagonistically in coordinating chemotaxis (Kaufman et 

al., 2005). ASH has a negative, inhibitory contribution towards chemotaxis, whereas 

ASE commonly functions to stimulate positive chemotactic responses. Flp-21 is 

expressed in both ASH and ASE neurones of C. elegans (Rogers et al., 2003), in 

addition to others, which may indicate a complex co-regulation of chemotactic 

behaviours by this neuropeptide, and potentially others. Furthermore it could 

indicate that various gene products coordinate different behavioural or physiological 

responses on a contextual basis. Although C. elegans ASH neurones also mediate 

responses to hyperosmolarity and ASE neurones are sensitive to sodium, chloride 

and potassium, Mi-flp-21 knockdown did not compromise normal NaCI avoidance 

behavior of M. incognita J2s, suggesting that Mi-flp-21 function associates 

selectively with chemosensation and not with aspects of negative osmosensation.

C. elegans flp-21 is also expressed in ADL neurones which correlate with some 

avoidance behaviours. Although there is evidence for significant morphological 

similarities in the amphid sensilla of divergent nematodes, functional similarities 

remain ambiguous (Bumbarger et al., 2009). Our ability to probe sensory function in 

PPNs using RNAi could aid comparative functional studies that interrogate the 

evolution and conservation of sensory phenotypes in divergent nematodes.

The analysis presented here concentrates on the long- and short-range cues 

associated with host finding and chemotactic response, whereas we take no 

consideration of the response to direct cues or contact with the host. Such 

observations of direct plant-nematode contact may however provide additional 

information on the nature of this interaction, and the putative involvement of various 

gene products and chemotactic (olfactory / gustatory) or physiological responses
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involved in direct recognition, and the late ex planta / early in planta orientation 

process.

This study presents the first such demonstration of neuropeptide involvement in 

chemosensation of a parasitic nematode, and furthermore, the first demonstrative 

involvement of any single gene product in the coordination of chemosensory 

behavior. Our data indicate that flp-21 performs functionally conserved roles in both 

C. elegans and the root knot nematode M. incognita, and also shows that flp-1 

silencing results in uncoordinated movement in M. incognita J2s. The work 

presented here provides a platform for further investigation of individual gene 

products in the integration and coordination of external sensory cues in PRNs.
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Analysis of RNAi effector diversity in selected

nematodes

Dr Paul McVeigh (PMcV) and Mr Neil Warnock (NW) contributed datasets for Brugia 

malayi, Ascaris suum, and Ancylostoma caninum. Datasets for Meloidogyne hapla 

and Pristionchis pacificus were generated equally by PMcV, NW and myself (JD). 

Datasets for Meloidogyne incognita, Oesophagostomum dentatum and Trichinella 

spiralis were generated by JD. Data was discussed by JD, PMcV and NW.
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7.1. ABSTRACT

Caenorhabditis elegans is a tractable model for studies on nematode biology. 

However, its value as a model for parasites is biased towards genes not specific to 

the parasite life-style and, even then, utility centers on genes with conserved 

function. RNA interference (RNAi) holds much promise as the most obvious method 

to facilitate gene function studies in parasitic nematodes. However, parasitic 

nematodes appear variably susceptible to exogenously-triggered RNAi, one 

explanation for which is the existence of inter-species differences in RNAi effector 

protein complements. Using BI_AST analysis and employing 77 C. elegans RNAi 

pathway proteins as search strings, here we have surveyed the RNAi effector 

complement in the eight nematode species for which high-quality genomic or 

transcriptomic datasets were available. Our dataset included representatives from 

clades I, III, IV and V, comprising transcriptomes of Ancylostomum caninum, 

Oesophagostomum dentatum and Thchinella spiralis, and genomes of Ascaris 

suum, Brugia malayi, Meloidogyne hapla, Meloidogyne incognita and Pristionchus 

pacificus. Our data reveal two salient aspects of nematode RNAi pathway 

components: (1) The effector diversity exhibited by the C. elegans RNAi pathway is 

not recapitulated in any other species in our dataset, such that C. elegans appears 

to have a greatly expanded RNAi effector repertoire relative to other nematodes; (2) 

Although several apparently core C. elegans proteins appear to be absent from our 

parasites, including some of those responsible for uptake and spread of 

exogenously applied double stranded (ds)RNA/short interfering (si)RNA, these 

sequences are also notably absent from RNAi-competent parasites such as 

Meloidogyne species. These observations suggest that differences in RNAi effector 

complements alone represent an unsatisfactory explanation for inter-species 

differences in RNAi efficacy, and that either a minimal array of these components 

are required to recognize and respond to exogenous dsRNA triggers, or conversely, 

unique and as yet unidentified proteins contribute to variant RNAi mechanisms in
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these species. Our data suggest that parasitic nematodes are RNAi competent and 

that solving issues around the experimental application of RNAi in some nematode 

parasites will expose broad utility for RNAi in this phylum.
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7.2. INTRODUCTION

RNA interference (RNAi) is a reverse genetics technique which permits the 

specific ablation of gene transcripts by exogenous application of complementary 

double-stranded RNA (dsRNA). These mechanisms, which otherwise function in 

the post-transcriptional regulation of gene expression, as well as genome stability 

and anti-viral defense (for review, see Liu and Paroo 2010), are present in most 

eukaryotes. By facilitating the relatively simple induction of gene-specific 

knockdown, RNAi has become a popular reverse genetics tool, providing a 

functional genomics platform in divergent organisms, including many that were 

previously intractable to traditional genetic manipulations.

In some parasites, RNAi has transformed investigations of gene function, and 

there is a growing expectation that it may be employed to aid drug-target validation 

efforts (whilst predisposed to mimic the impact of antagonist drugs, RNAi may still 

allow assessment of agonist potential through the silencing of known inhibitors or 

regulators of target molecules). RNAi has been applied to a range of metazoan and 

protozoan parasites and, with a few notable exceptions, appears to offer a robust 

method to selectively ablate gene transcripts. Amongst the exceptions, Leishmania 

and some animal parasitic nematodes appear refractory or less amenable to RNAi- 

based interventions (Robinson and Beverley 2003; Geldhof et al., 2006; Visser et 

al., 2006; Geldhof et al., 2007; Knox et al., 2007), while in addition to RNAi 

insensitivity, Plasmodium species are deficient in key pathway components 

(Blackman 2003; Brown and Catteruccia 2006; Baum et al., 2009). Here we focus 

on inconsistencies that have been observed in the induction of RNAi in parasitic 

nematodes.

The past decade has seen a massive expansion in transcriptomic datasets for 

parasitic nematodes, as well as completion of the first parasitic nematode genome 

sequencing projects (Ghedin et al., 2007; Opperman et al., 2008; Abad et al., 2008). 

Aiming to decipher the resulting sequence data, multiple groups have adapted the
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RNAi protocols pioneered in C. elegans for application to parasitic nematodes. 

Significant progress has been made in plant-parasitic nematodes (PPNs), in which 

RNAi is now an established experimental technique (Geldhof et al., 2007; Chapter 3; 

Chapter 4) and potentially, has utility as a control measure in horticulture, where 

plants have been genetically engineered to express PPN-gene-specific dsRNA 

(Fairbairn et al., 2007; Huang et al., 2006; Sindhu et al., 2009; Yadav et al., 2006; 

Charlton et al., 2010). In contrast, RNAi has been attempted in several animal- and 

human-parasitic nematodes with variable levels of success (for reviews, see 

Geldhof et al., 2007; Knox et al., 2007; Viney et al., 2008) in that post-RNAi 

phenotype has not always corresponded to gene-specific transcript knockdown 

(Samarasinghe et al., 2010). Of note are experiments reporting inefficient or 

variable transcript knockdown and an inability to generate consistent results, with 

the situation highlighted by successful silencing of only 3 out of 8 Ostertagia 

ostertagia genes (Visser et al., 2006) and 2 out of 11 Haemonchus contortus genes 

(Geldhof et al., 2006). Recently, RNAi difficulties in H. contortus have been linked to 

location of target gene expression, with genes predicted to be expressed in 

environmentally-exposed tissues being more readily silenced (Samarasinghe et al., 

2010). Particular difficulties are also evident in Heligmosomoides polygyrus 

(Lendner et al., 2008) and the free-living species Pristionchus pacificus and 

Oscheius sp1 CEW1 (Delattre, 2001; Louvet-Vallee et al., 2003; Pires-daSilva and 

Sommer 2004; Pires da Silva, 2005).

Hypotheses to explain these difficulties have been suggested in the literature, 

and include: (i) the lack of appropriate in vitro culture systems for parasitic 

nematodes, potentially inhibiting normal RNAi pathway function, and making it 

difficult to assay for RNAi-induced phenotypes (Geldhof et al., 2006); (ii) 

inappropriate methods of dsRNA delivery, i.e. delivered externally, where 

microinjection directly into nematode is much more effective in C. elegans (Viney et 

al., 2008); (iii) uncharacterized morphological differences which may account for
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more efficient uptake or spread in some species; (iv) differences in RNAi effector 

protein functionality (Viney et al., 2008; Geldhof et al., 2006); (v) differences in RNAi 

effector protein expression level or localization between species and/or life-stages 

(Samarasinghe et al., 2010); or, (vi) differences in the complement of RNAi effectors 

between nematodes (Geldhof et al., 2006; Knox et al., 2007; Lendner et al., 2008; 

Viney and Thompson, 2008).

The latter hypothesis suggests that differences in the efficacy of RNAi in 

nematodes are due to inter-species variation or deficiencies in RNAi pathway 

components. Here, we test this hypothesis, by investigating the complement of 

RNAi pathway proteins in selected parasitic nematode datasets. Using 77 C. 

elegans RNAi pathway proteins as query sequences, we performed BLAST trawls of 

nematode-derived genomic and large-scale transcriptomic resources. Our searches 

focused on high-quality sequence datasets annotated to predicted protein level to 

which we had access, including the genomes of Ascaris suum (Clade III), Brugia 

malayi (Clade III), Meloidogyne incognita, Meloidogyne hapia (Clade IV) and 

Pristionchus pacificus (Clade V) as well as the transcriptomes of Trichinella spiralis 

(Clade I), Oesophagostomum dentatum (Clade V), and Ancylostoma caninum 

(Clade V). We find that the RNAi effector complements of these species are 

remarkably similar, yielding no major inter-species differences save that all were 

notably less diverse than the RNAi effector complement of C. elegans.
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7.3. MATERIALS AND METHODS

7.3.1. Reciprocal BLAST Methodology

Seventy-seven C. elegans proteins known to be involved in central aspects of RNAi 

were identified from literature searches (Figure 7.1.). Protein sequences were 

retrieved from NematodeBase ( nematodebas e org; release WS206) and used 

as search strings in a series of primary translated nucleotide (tBLASTn) and protein 

BLASTS (BLASTp) (Altschul et al., 1990) against the genome and transcriptome 

databases described below. All primary BLAST hits returning with a bitscore of >40 

and an expect value <0.01 were manually translated to amino acid sequence in six 

reading frames (Expasy translate tool; www.expasv.ch/tools/dna.html), and 

analysed for identity and domain structure by BLASTp (through NCBI’s Conserved 

Domain Database service) and INTERproscan (www.ebi.ac.uk/Tools/lnterProScan). 

The appropriate reading frame in each case (usually that with the largest 

uninterrupted open reading frame [ORF], however this was determined empirically 

on a case by case basis, depending on domain and sequence identity) was then 

subjected to reciprocal tBLASTn and BLASTp against the Caenorhabditis elegans 

non-redundant nucleotide and protein databases on the NCBI BLAST server 

(http://www.ncbi.nlm.nih.qov/BLAST). using default settings. The identity of the top

scoring reciprocal BLAST hit was accepted as identity of the relevant primary hit, as 

long as that identity was also supported by domain structure analysis (see below).

7.3.2. Domain identity and further identification criteria

In addition to identities assigned on the basis of the BLAST analyses described 

above, the domain structures of the protein subfamilies comprised by our C. elegans 

search sequences (domain structures for each protein family are described in 

Supplementary document S1) were used as a basis for the identification of 

additional orthologues.
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7.3.3. Databases

The M. incognita (http://www.inra.fr/meloidoqyne incoqnita/genomic resources) and 

B. malayi (http://blast.icvi.org/er-biast/index.cgi?proiect=bma1) genomes were 

searched using BUVSTp to predicted protein sets, in addition to tBLASTn against 

available contig assembly, unplaced reads and associated ESTs ( Ghedin et al., 

2007; Abad et al., 2008). The M. hapla genome was searched using BLASTp 

against the HapPep4 predicted protein set (access ahead of public release on 

w ' ap I a. or granted by David Bird), in addition to tBLASTn against the 10X 

contig assembly (Opperman et al., 2008). A. suum, A. caninum, T. spiralis and O. 

dentatum primary BLASTp and tBLASTn searches were performed by Makedonka 

Mitreva against datasets generated at Washington University, St Louis, as above; 

reciprocal BLAST searches against C. elegans datasets were then performed as 

before. Searches were also performed against publically-available nematode 

expressed sequence tags (ESTs) available through GenBank 

(www.ncbi.nlm.nih.gov), using methods as described above.
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7.4. RESULTS AND DISCUSSION

Since the first description of RNAi in C. elegans (Fire et al., 1998), this species has 

facilitated the development of RNAi protocols for the study of parasitic nematodes. 

Indeed, in the absence of tractable methods for transgenesis or genetic 

manipulation, RNAi represents one of the few molecular genetics tools that can 

currently be applied to parasitic nematodes. However, reports documenting 

difficulties in the application of RNAi to some nematodes (Geldhof et al., 2007; Knox 

et al., 2007; Lendner et al., 2008; Viney and Thompson 2008; Samarasinghe et al., 

2010) suggest diminished potential for RNAi-based gene function and target 

validation studies in some species. We have employed BLAST-based methodology 

to identify putative orthologs of C. elegans RNAi pathway (Figure 7.1.) proteins in a 

dataset of eight nematode genomes/transcriptomes, as a means of investigating the 

inter-species conservation of RNAi effectors which might inform the wider utility of 

RNAi in parasitic nematodes. While we addressed publically-available nematode 

ESTs in our searches, these contributed little to our analyses due to the fragmentary 

nature of their coverage of RNAi effector proteins (see supplementary file S2).

Given the central importance of H. contortus in the debate around RNAi variability in 

animal-parasitic nematodes (Geldhof et al., 2006; Kotze and Bagnall, 2006; Geldhof 

et al., 2007; Knox et al., 2007; Samarasinghe et al., 2010), we attempted to apply 

our search protocols to available H. contortus datasets including ESTs available 

through GenBank, the publically-available genome dataset 

(httpV/www.sanqer.ac.uk/cqi-bin/blast/submitblast/h contortus), the latest contrig 

assembly (2009 supercontigs), and a set of preliminary gene models predicted by 

RNA-seq (courtesy of Matt Berriman, Sanger Centre, UK and John Gilleard, 

University of Calgary, Canada). Evaluation of these datasets indicated that 

coverage of core proteins that were well-conserved in other species (e.g. those 

involved in biosynthesis and processing of micro [mi]RNAs, which are fundamental 

effectors of developmental timing in eukaryotes) was insufficient for us to probe the
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entire RNAi effector complement in H. contortus with the confidence commensurate 

to the other datasets.

7.4.1. C. elegans displays an expanded repertoire of RNAi effectors relative to 

other nematodes

Perhaps the most striking observation from our dataset is that each of our test 

species possessed only a fraction of our original search set of 77 C. elegans RNAi 

proteins, with all displaying a greatly contracted suite of RNAi effector proteins; of 

the original 77 C. elegans search strings, A. suum returned 44, A. canlnum 40, O. 

dentatum 38, P. pacificus 36, B. malayl 35, M. hapla 28, M. Incognita 27, and T. 

spiralis 22. This reduction in diversity was observed across all of the functional 

groupings in our dataset.
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Figure 7.1. Core components of the Caenorhabditis elegans RNAi pathway.

(1) Exogenously applied double-stranded RNA (dsRNA) and small interfering RNA 

(exo-siRNA) are thought to enter cells via SID (Systemic RNA Interference
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Defective) proteins SID-1/RSD-8 and SID-2. (2) Endogenous RNAi-based pathways 

begin in the nucleus; micro-interfering RNA (miRNA) synthesis begins with 

transcription of hairpin-looped primary miRNA (pri-miRNA) transcripts from 

intergenic, intronic or antisense regions. pri-miRNAs are processed by the DRSH- 

1/PASH-1 complex to pre-miRNA, which are exported from the nucleus by exportin 

proteins XPO-1, -2 and -3. Endogenous siRNAs (endo-siRNAs) are also produced 

from genomic regions, and exported by XPO-1, 2, and -3. (3) Both pre-miRNAs and 

exogenously applied dsRNA molecules are bound and cleaved by the dicer 

complex, which consists of the RNAse Ill-like nuclease DCR-1, the dsRNA-binding 

proteins RDE-1 and -4, the helicases DRH-1 and DRH-3/EKL-3, the RNA- 

dependent RNA-polymerase (RdRP) RRF-1, and the uncharacterised protein, AIN- 

1. Dicer cleaves dsRNA to produce siRNA molecules, and pre-miRNA to mature 

miRNA, both of which are substrates for the RNA-induced silencing complex (RISC). 

(4) Both siRNAs and miRNAs are the focus of a battery of inhibitors, which allow 

down-regulation of the RNAi response. (5) The RISC complex incorporates a single 

strand of miRNA or siRNA (termed the guide strand), and binds a complementary 

mRNA strand, eliciting gene silencing by either mRNA destruction or translational 

repression (6). The central catalytic component of RISC is an argonaute (AGO) 

protein, allied with the nuclease TSN-1, the RNA-binding protein VIG-1, and AIN-1. 

(7) The RNAi response may be amplified by the action of the RdRPs RRF-1 and -2, 

SMG-5, RDE-2/MUT-8 and MUT-7, which produce a population of single-stranded 

RNAs bearing N-terminal tri-phosphates from a target mRNA template. (8) These 

secondary siRNAs interact with Secondary-siRNA-specific AGOs (SAGO-1 and -2), 

terminating in down-regulation of target transcript. Secondary siRNAs can also 

spread between cells through RSD-2, -3 and -6, resulting in intercellular spread of 

the RNAi effect (9), and can be imported into the nucleus by NRDE-3, which elicits 

transcriptional silencing of nascent RNA transcripts as part of nuclear RISC 

(nucRISC) (10). siRNAs may also control aspects of nuclear RNAi, including
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histone methylation, chromatin formation and chromosome segregation (11). 

Dashed lines indicate miRNA-based pathways, solid lines indicate siRNA-based 

pathways.

7.4.2. Small RNA biosynthetic proteins

Small RNA-based genetic regulatory pathways are ubiquitous in eukaryotes, and 

represent a set of proteins with conserved function and structure in disparate 

organisms. As such, our analysis of proteins that perform nuclear biosynthesis, 

nuclear export and cytoplasmic processing of small RNAs such as miRNAs (Figure 

1; for recent review, see Liu and Paroo, 2010) should provide a positive control 

measure for both our approach, and sequence data quality. These core proteins 

were well conserved within our dataset - transcripts encoding many of the proteins 

required for siRNA and miRNA processing, including RNase III enzymes (Drosha, 

DRSH-1; Pasha, PASH-1; Dicer, DCR-1), RNA helicases (Dicer-Related Helicases 

DRH-1 and -3), and exportins (XPO-1 and -3) are highly conserved across the 

genomic and transcriptomic datasets considered here (Table 7.1.), although 

orthologues of the dsRNA-binding protein RDE-4 were notably absent from all 

except B. malayi and A. caninum.
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Table 7.1. Distribution of proteins responsible for biosynthesis and nuclear export of 

small RNAs. Species represented solely by expressed sequence tag (EST) 

datasets are not included, refer to Supplementary document S2. Note that drh-2 is 

not included due to its sole presence in C. elegans. Grey shading indicates that a 

particular gene is present in the corresponding nematode species (see 

Supplementary documents for details).
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7.4.3. dsRNA uptake and spreading proteins

Our dataset recognizes five C. elegans genes putatively responsible for dsRNA 

uptake and spread, identified from mutant screens for defects in systemic RNAi (the 

RNAi Spreading Defective mutants rsd-2, -3 and -6, and the Systemic RNA 

Interference Defective mutants s/d-1 and -2). Much interest has centered on SIDs 

as core determinants of dsRNA uptake/spreading mechanisms. These 

transmembrane channels were first described in C. elegans as mediators of 

systemic and environmental RNAi due to their role in transmembrane transport of 

dsRNA (Winston et al., 2002; Winston et al., 2007). Putative SID orthologs have 

since been described in disparate organisms including mammalian cells (Duxbury et 

al., 2005), trematode flatnematodes (Krautz-Peterson et al., 2010), crustaceans
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(Labreuche et al., 2010) and insects ( Tomoyasu et al., 2008; Xu and Han, 2008) 

(although Drosophila melanogaster does not possess any known SID homologs, 

heterologous expression of C. elegans sid-1 sensitizes Drosophila cells to RNAi by 

soaking (Feinberg and Hunter, 2003). Similarly, expression of sid-1 in C. elegans 

neurons has been shown to reverse the neuronal intractability of this species, to the 

extent that the RNAi-susceptibility of non-neuronal cells is reduced in sid-1 

transgenic nematodes (Calixto et al., 2010). The role of SID-2 in environmental 

RNAi has been demonstrated by functional expression of C. elegans sid-2 in C. 

briggsae, a transformation which confers susceptibility to environmental RNAi in this 

species (Winston et al., 2007). Given the clear importance of SID-1 and -2 to 

functional RNAi in C. elegans, it seems surprising that these sequences are so 

poorly conserved amongst our dataset, where a SID-1 homolog was identified only 

in O. dentatum (Table 1), and SID-2 was not identified in any of our species. 

Similarly poor conservation was observed with RSD-2 (which did not appear in any 

species) and RSD-6 (which was only seen in P. pacificus). RSD-3 represents the 

sole perfectly conserved spreading protein in our dataset, being present in all eight 

of our species (see Table 7.2.). Evidence from C. elegans implicates RSD-3 not in 

dsRNA uptake, but in intercellular spread from the point of entry since rsd-3 mutants 

are able to take up dsRNA from the gut lumen, but are unable to further distribute 

this dsRNA into the germline (Tijsterman et al., 2004). Despite lacking SID-1, and - 

2, as well as RSD-2 and -6, plant-parasitic Meloidogyne and Globodera spp. remain 

highly capable of systemic RNAi following simple soaking in dsRNA/siRNA (Kimber 

et al., 2007; Rosso et al., 2009; Chapter 3; Chapter 4), suggesting that RSD-3 alone 

is able to mediate both uptake and spread of dsRNA in these species, or perhaps 

that an alternative uptake mechanism is involved, similar to the receptor-mediated 

endocytotic dsRNA uptake process seen in insect gut cells (Saleh et al., 2006). 

Intriguingly, the well-conserved RSD-3 contains an epsin N-terminal homology 

(ENTH) domain, which is implicated primarily in clathrin-mediated endocytotic
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mechanisms (Jose and Hunter 2007), suggesting that dsRNA uptake from the 

environment may occur by endocytosis, at least in some nematodes. Additionally, 

we cannot discount the possibility that PRNs differ morphologically in some way 

which better enables RNAi trigger uptake and/or propagation when compared to 

other parasite species.

7.4.4. Secondary siRNA amplification effectors

In C. elegans, plants (Mourrain et al., 2000), and Neurospora (Cogoni and Macino 

1999) the RNAi effect is greatly amplified by the action of RNA-dependent RNA 

polymerases (RdRPs), which produce a population of secondary single-stranded 

siRNAs of antisense polarity, from the target mRNA template (Sijen et al., 2001;

Aoki et al., 2007; Pak and Fire 2007; Sijen et al., 2007). Further examples of RdRP- 

catalyzed amplification mechanisms have recently been reported in Paramecium 

tetraurelia, where multiple RdRPs appear to exist (Marker et al., 2010), and in 

Drosophila, where an RdRP exhibiting non-canonical catalytic activity has been 

identified (Lipardi and Paterson 2009). The most highly-conserved RdRP in our 

dataset is EGO-1 (Enhancer of Glp One [GLP-1]) which appears in six species 

(Table 7.2.). RRF-3 (RNA-dependent RNA polymerase Family member 3), which 

coordinates complex and ill-understood interactions between RNAi inhibition and 

amplification of the secondary siRNA response is reasonably well conserved, with 

RRF-1 less so. EGO-1 is an RdRP with core functions in transcription of “WAGO” 

(Nematode-specific AGO [Gu et al., 2009])-interacting 22G-RNAs responsible for 

silencing events involved in genome surveillance (Smardon et al., 2000; Vasale et 

al., 2010) and with additional roles in germline development (Vought et al., 2005), 

heterochromatin assembly (Maine et al., 2005; She et al., 2009), holocentric 

chromosome segregation (Claycomb et al., 2009), and P-granule function (Updike 

and Strome 2009). In light of these core roles, EGO-Ts inter-species conservation 

is unsurprising. RRF-3, which is also reasonably well-conserved, was traditionally
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referred to as an inhibitory RdRP (Simmer et al., 2002), although through recent 

work has been implicated in the production of secondary 26G-RNAs with 

endogenous targets (endo-siRNAs) ( Han et al., 2009; Gent et al., 2010; Vasale et 

al., 2010). It is also believed that nonsense-mediated decay (NMD) proteins SMG-2 

(Suppressor with Morphological effects on Genitalia 2), -5 and -6 may play a role in 

the induction and maintenance of secondary amplification (Mango et al., 2001), a 

hypothesis supported by analysis of smg null mutants which are defective for RNAi 

initiation (Kim et al., 2005). SMG-2 is perfectly conserved across the genomes and 

transcriptomes considered here. Likewise, SMG-6 is conserved in all but 6. malayi, 

whereas SMG-5 is not well conserved (see Table 7.2.). Conservation of EGO-1 and 

RRF-3 suggests that all of the nematode species examined here are capable of 

some degree of secondary RNAi amplification, consistent with previous 

observations of the potency of RNAi in PRNs, where as little as 0.1 pg/ml dsRNA 

was capable of eliciting significant and consistent knockdown of transcripts in 

Globodera pallida and M. incognita J2s by simple soaking (Chapter 3).
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Table 7.2. Distribution of proteins putatively responsible for secondary 

amplification, uptake and intercellular spread of siRNA. Species represented solely 

by expressed sequence tag (EST) datasets are not included, refer to Supplementary 

document S2. Note that rrf-2, rsd-2, sid-2 and smg-5 are not shown, as they are 

present only in C. elegans. Grey shading indicates that a particular gene is present 

in the corresponding nematode species (see Supplementary documents for details).
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7.4.5. AGOs and Components of RISC

C. elegans possesses at least 27 distinct AGO proteins (including pseudogenes 

C06A1.4 and C14B1.7) (Yigit et al., 2006), which constitute the central effectors of 

the RNA-induced silencing complex (RISC), conferring elements of function and 

specificity to RISC. All of the nematodes in our dataset possessed multiple distinct 

AGOs (Table 7.3.). A subset of well-conserved AGOs (defined according to closest 

C. elegans BLAST match) included the miRNA-interacting AGO, ALG-1 (Argonaute 

[Plant]-Like Gene), as well as several endo-siRNA-interacting AGOs including the 

26G-RNA-interacting ALG-4 (Conine et al., 2010), and the 22G-RNA-interacting 

WAGOs, R06C7.1 and F58G1.1 (Gu et al., 2009). Conservation of these centrally
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important proteins provides positive confirmation for the quality of both our datasets 

and methodology, since these core-functioning proteins would be fully expected to 

exist in a range of disparate species. Some members of the PlWI-clade of AGOs, 

such as PRG-1 (Piwi-Related Gene 1), PRG-2, ERGO-1 (Endogenous Rnai 

deficient arGOnaute 1) and the AGO/PIWI-clade secondary AGOs SAGO-1 and 

SAGO-2, are not well conserved. Surprisingly, RDE-1, which is believed to be the 

main AGO involved in silencing events triggered by exogenous dsRNA in C. 

elegans, was only identified in A. suum and A. caninum. Thus we are faced with a 

phenomenon where the AGOs known in C. elegans to be responsible for 

endogenous regulation of gene expression are well conserved, while the AGOs 

responsible for executing RNAi triggered by exogenous dsRNA are not. This 

suggests that the inter-species sequence conservation that exists within AGOs may 

not be mirrored by functional conservation. Additionally, our identification strategy 

does not account for the possibility that other uncharacterized AGOs exist in each 

nematode species, performing roles comparable to those AGOs which we could not 

identify. A further six C. elegans AGOs (M03D4.7; T23D8.7; ZK218.8, Y49F6A.1, 

and pseudogenes C06A1.4 and C14B1.7) did not appear to be present within our 

dataset. Our data suggest that most nematode AGO complements are much less 

diverse than those in C. elegans. This could indicate redundancy in the function of 

individual AGOs within C. elegans, or conversely a reduced functionality within the 

parasite species detailed here. Interestingly, ERGO-1 is involved in the function of 

endogenous siRNA populations within C. elegans (Gent et al., 2010; Vasale et al., 

2010). Poor conservation of ERGO-1 could indicate a differential small RNA 

population dynamic between species, and further analysis of a potentially limited 

conservation of secondary siRNA-interacting SAGOs could also inform on issues 

with triggering a robust RNAi response in some species. Again, the poor 

conservation of such proteins in RNAi-competent plant-parasitic species would
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seem to suggest that such deficiencies may not necessarily impact on RNAi 

functionality.

In addition to the catalytic AGO protein, RISCs also comprise several protein co

factors, including multiple dsRNA-binding proteins and exonucleases which are 

thought to pass from elements of the biosynthetic machinery (see Figure 7.1.), 

although these co-factors are in fact quite poorly characterized, even in C. elegans. 

Our analysis reveals that TSN-1 (Tudor Staphylococcal Nuclease 1), which is a 

common component of RISC in C. elegans, Drosophila and mammalian cells 

(Caudy et al., 2003), is also perfectly conserved across the eight species considered 

here (Table 7.3.), indicative of TSN-Ts important and conserved function. The ALG 

interacting protein AIN-1, responsible for targeting miRNA-bound ALGs to 

degradative P-bodies (Ding et al., 2005; Zhang et al., 2007), is also reasonably well- 

conserved, being present in six of our dataset species. AIN-2 is even less well- 

conserved, being seen only in B. malayi. VIG-1, the C. elegans ortholog of 

Drosophila VASA Intronic Gene which regulates transition between larval and adult 

cellular fates though interaction with the let-7 miRNA (Chan et al., 2008), was seen 

in five of our eight species.
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7.4.6. RNAi inhibitors

Proteins with RNAi-inhibiting function were first characterized in C. elegans, leading 

to the identification of RNAi-hypersensitive null mutant strains of RRF-3 (Simmer et 

al., 2002) and ERI-1 (Kennedy et al., 2004). Only two RNAi inhibitor orthologues 

are highly conserved here - the DEDDh-like 3’-5’ siRNA exonuclease ERI-1 and the 

miRNA 5’-3’ exonuclease XRN-2 (XRN RiboNuclease related 2) are both fully 

conserved across our genomic and transcriptomic datasets (Table 7.4.). 

Sporadically-conserved inhibitors included ADR-1 and -2 (Knight and Bass 2002), 

and LIN-15b (Calixto et al., 2010), while orthologs of ERI-3, -5 and -6/7 (Pavelec et 

al., 2009) were not identified outside C. elegans.

Table 7.4. Distribution of RNAi inhibitors in parasitic nematodes. Species 

represented solely by expressed sequence tag (EST) datasets are not included, 

refer to Supplementary document S2. Note that eri-3, eri-5, eri-6/7 are excluded 

due to sole presence in C. elegans. Grey shading indicates that a particular gene is 

present in the corresponding nematode species (see Supplementary documents for 

details).
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7.4.7. Chromatin modifiers, histone methylation factors, and assorted nuclear 

components

The RNAi pathway effects a number of poorly understood nuclear silencing 

mechanisms. We found that an uncharacterized nuclear effector, EKL-1 (Enhancer 

of KSR-1 Lethality 1 (KSR-1 is a Ras-ERK signaling scaffold protein)) was the most 

highly conserved between species (Rocheleau et al., 2008) (Table 7.5.). Other 

chromatin-associated proteins, helicases and methylation factors are conserved to 

varying degrees, however MES-3 (Maternal Effect Sterile 3), RDE-2 (RNAi Defective 

2), MUT-2 (MUTator 2) and MUT-16 were only found in C. elegans (see Table 7.5.).

Table 7.5. Distribution of chromatin modifiers, histone methylation factors, and 

assorted nuclear components. Species represented solely by expressed sequence 

tag (EST) datasets are not included, refer to Supplementary document S2 for these 

data. Table excludes ekl-5, mes-3, rde-2, mut-2, mut-16, which are solely present in 

C. elegans. Grey shading indicates that a particular gene is present in the 

corresponding nematode species (see Supplementary documents for details).
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7.5. CONCLUSIONS

Collectively, our data do not support inter-species disparities in RNAi effector protein 

complements as an explanation for differences in RNAi competencies, since the 

vast majority of proteins are reasonably well conserved across the phylum. 

Nevertheless, scant information exists regarding the spatial and temporal 

expression patterns of those proteins. Given that gene expression profiles can 

fluctuate widely between nematode developmental stages, further analysis could 

reveal that RNAi competency displays a similar fluctuation between life stages, in 

line with temporal patterns of RNAi effector gene expression. Investigating this 

issue would require culturing parasites in vitro for extended periods, or recovery of 

individual life-stages from host tissue, both of which represent technical challenges 

(Geldhof et al., 2007). Indeed, our inability to culture many animal parasitic 

nematodes under in vitro conditions may represent one of the main reasons why 

RNAi is difficult to perform in these species. Certainly, where RNAi has been most 

successful in nematodes it has been in species/life-stages amenable to laboratory 

culture, e g. free living species such as C. elegans or free-living stages of parasites 

e.g. PPN J2 larvae, and more recently in Brugia microfilariae exposed to RNAi in 

vivo within the mosquito host (Michael J Kimber, Iowa State University, personal 

communication), although some readily-cultured species seem refractory to RNAi 

(Knox et al., 2007). Additionally, given that small non-coding RNAs are heavily 

involved in various cellular stress responses (Shukla et al., 2008), it may be that 

adverse culture conditions lead to their increased expression, resulting in saturation 

of available RISC proteins, which would interfere with the organism’s ability to direct 

an RNAi response to an exogenous trigger. Of course, it is likely that some 

organisms may be able to direct a more robust RNAi response than others.

However, our data indicate that diverse nematode species possess all of the 

molecular machinery theoretically required to render them capable of initiating an 

RNAi response.
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8.1. ABSTRACT

Recent advances in our understanding of the RNA interference (RNAi) 

mechanism across the Eukarya facilitates related studies in parasitic nematodes. 

Here we test the efficacy of novel short interfering (si)RNA targeting and design 

strategies, and also investigate target transcript quantification issues, using the root 

knot nematode Meloidogyne incognita as model. Using dual targeted 21mer 

siRNAs to the same target transcript (the FMRFamide-like peptide Mi-flp-21), 

preliminary data indicate that specific transcript knockdown is enhanced at an siRNA 

cleavage site distance optima of -160 nucleotides, and that dual siRNAs targeted to 

cleave within -30 nucleotides confer no additive effect over and above that achieved 

by any of the individual siRNAs used in isolation. We demonstrate a corresponding 

increase of siRNA inhibitor Mi-eri-1 (exoribonuclease-1) expression level around the 

same transcript knockdown distance optima, but not within the 30 nucleotide range; 

this indicates that Mi-eri-1 transcript up-regulation is not in response to the primary 

siRNA population, and likely corresponds to increased secondary amplication. In 

some systems, blunt 27mer siRNAs have been shown to be more effective than 

native 2 nt 3’ overhang 21mer siRNAs with respect to target transcript knockdown. 

However, we find blunt 27mer siRNAs to be significantly less effective than 21mer 

siRNAs on targeting Mi-flp-18 and the putative amidating enzyme peptidylglycine a- 

amidating monooxygenase (Mi-pam) in M. incognita J2s. We also investigate the 

effect of qPCR amplicon placement with regard to the quantification of target 

transcript knockdown. We find that as in other systems, the 3’ cleavage fragment of 

siRNA targeted transcripts in M. incognita degrades slower than the 5’ cleavage 

fragment, resulting in asymmetric PCR amplification issues.
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8.2. INTRODUCTION

The development of RNA interference (RNAi) protocols for parasitic nematodes 

has followed closely those employed against the model bacteriovore Caenorhabditis 

elegans. Whilst our understanding of the RNAi mechanism in C. elegans and other 

eukaryotes continues to expand rapidly, similar study of parasitic nematodes lags 

badly. When considering the dearth of reverse genetic techniques available to 

probe basic biology, and ratify putative drug candidature in parasitic species, it is 

surprising that more time and effort has not been focused in this direction. Often like 

for like adaptations of C. elegans RNAi protocols have resulted in variable and 

irreproducible results across various parasitic nematode species (Visser et al., 2006; 

Lendner et al., 2008; Samarasinghe et al., 2010). The shortcomings of such an 

approach should by now be obvious when considering fundamental differences in 

RNAi effector complements between parasitic nematodes and C. elegans, invariably 

these differences present as a significant and widespread reduction in RNAi 

pathway proteins across both parasitic nematode species and functional groupings 

(see Chapter 7). Notably, the absence of key proteins responsible for the 

assimilation of environmental double stranded (ds)RNA, and intracellular spread 

(such as SID-1 and SID-2; Systemic Interference Deficient) in parasitic nematodes 

has driven the hypothesis that suitable delivery of the RNAi trigger, and potentially, 

the lack of adequate spreading mechanisms in vivo may represent a serious hurdle 

for RNAi application in parasitic nematodes.

However, there are many indications that this is not necessarily the case; 

environmentally available dsRNA / short interfering (si)RNA has been shown to 

effect robust silencing of gene transcripts in non-feeding J2-stage plant parasitic 

nematodes (PPNs) (Kimberet al., 2007; Chapters), and furthermore, egg stage 

Meloidogyne spp. are also susceptible, indicating the likely presence of cell surface 

dsRNA uptake and spreading proteins, even from early developmental stages 

(Fanelli et al., 2005; Chapter 4). Additionally, it has been reported that the
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introduction of RNAi triggers to the intestine of various PPNs can trigger target 

transcript knockdown, despite the lack of known intestinal dsRNA uptake 

orthologues (Urwin et al., 2002). Uptake and reproducible silencing has also been 

demonstrated in some animal parasitic nematodes (APNs); notably in nematodes 

such as Haemonchus contortus, even following pharyngeal ligation which indicates 

that alternative routes to dsRNA uptake exist besides that of the C. e/egans-centric 

SID paradigm (Kotze and Bagnall 2006; Samarasinghe et al., 2010).

Here we argue that the investigation of fundamental RNAi mechanisms in an 

RNAi-tractable parasitic nematode model would better inform the design of RNAi 

protocols in other parasitic species. The root knot nematode Meloidogyne incognita, 

is a PPN in which RNAi can be readily triggered (Rosso et al., 2005; Chapter 3; 

Chapter 4), and for which good quality genomic resources exist. It is easy to culture 

in vitro for short lengths of time, we have a sound understanding of its RNAi effector 

complement, and we find it to be broadly representative of the RNAi pathway 

present in other parasitic nematodes (see Chapter?). Thus M. incognita represents 

a platform from which we can begin to probe various aspects of RNAi functionality.

To this end we begin by investigating a number of novel siRNA design and 

targeting strategies, which have been adapted from theoretical aspects of other 

biological systems. When considering potential issues of RNAi trigger spread in 

parasitic nematodes, one potential strategy would be to stimulate the secondary 

amplification response. Bioinformatic analyses indicate that all parasitic nematodes 

(investigated to date) contain close orthologues of C. elegans RNA-dependent RNA 

polymerase’s (RdRp’s) (see Chapter 7), some of which are involved in the up- 

regulation of RNAi through synthesis of secondary siRNAs (Gent et al., 2010). In 

plants, trans-acting (ta)-siRNAs are the product of RdRp-directed polymerisation of 

a dual miRNA-cleaved mRNA fragment (Allen et al., 2005; Axtell et al., 2006). 

Additionally, we know that a transitive phenomenon exists in C. elegans whereby 

the RdRp-dependent synthesis of secondary siRNAs preferentially spreads 5’ of the
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target transcript cleavage site (Aoki et al., 2007). Condensing the phenomena of 

plant ta-siRNA biosynthesis and the 5’ propagative character of secondary siRNAs 

in C. elegans into one hypothetical amalgam, here we attempt to stimulate RdRp 

activity in M. incognita (and consequently increased target transcript knockdown) 

through a mechanism driven by the availability of more suitable RdRp substrates. 

Either a target mRNA fragment created by dual-cleavage of siRNAs will prove a 

more suitable substrate to the RdRp machinery (as is the case of plant ta-siRNAs), 

or RdRp activity may be more readily initiated at unprotected 3’ termini, which could 

account for the predominantly 5’ transitive effect of secondary amplification in C. 

elegans] theoretically, here we would be increasing the number of unprotected 3’ 

termini in the target mRNA by employing two siRNAs. To examine this approach, 

we target the Mi-flp-21 neuropeptide gene transcript, which has been functionally 

pre-validated using RNAi and found to coordinate chemosensory activity in M. 

incognita (see Chapters).

Another potential design consideration relates to the length and conformation of 

siRNAs. The trend has been to use 21mer 2 nt 3’ overhang siRNAs, an approach 

that fails to consider potential steric factors in the parasitic nematode RNAi 

machinery. Here we probe the efficacy of blunt (no 3’ overhang) 27mers relative to 

21mers for a number of targets considered as potential PPN control targets, namely 

the /W/-f/p-78 transcript (Chapter 3 / Chapter 3) and a putative M. incognita 

peptidylglycine a-amidating monooxygenase (Mi-pam) gene which is a bi-functional 

enzyme effector of FMRFamide-like peptide (FLP) amidation. As amidation is a 

general requirement for FLP bioactivity, and we know that FLPs coordinate many 

different aspects of neuromuscular control and behaviour (see McVeigh et al., 2006 

for a recent review), we reason that this could represent an excellent target for the 

development of novel small molecule nematicides. In mammalian cells, 27mer 

siRNAs are long enough to span the dual catalytic RNase Ill-like domains of the 

dicer enzyme. The concomitant increase in target transcript knockdown observed
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over and above that achieved by native 21mer siRNAs in this system, is theoretically 

attributed to the potential recruitment of ancillary dicer complex factors which 

facilitate a more robust target transcript knockdown. Any such ancillary recruitment 

process would fail to be triggered by 21mer siRNAs as they bypass the dicer 

complex (Rose et al., 2005).

We also address the issue of target transcript quantification post RNAi. In the 

case of mammalian cell, Drosophila melanogaster and plant RNAi, many reports 

indicate an asymmetric degradation of the 5’ and 3’ siRNA cleavage fragments of a 

targeted mRNA; specifically, previous data indicate that the 3’ fragment of an 

siRNA-cleaved mRNA transcript is degraded more slowly than the corresponding 5’ 

mRNA fragment (Hahn et al., 2004; Souret et al., 2004; Orban and Izaurralde 2005; 

Shepard et al., 2005; Holmes et al., 2010). Given the variable nature of transcript 

knockdown across and within parasitic nematode species, this may be an important 

consideration in experimental design, and one which could potentially lead to a high 

number of false negative RNAi screens. In this study we examine this phenomenon 

following RNAi of the Mi-flp-21 neuropeptide transcript.
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8.3. MATERIALS AND METHODS

8.3.1. Meloidogyne incognita J2 isolation, 21mer siRNA treatment and 

quantitative PCR (qPCR) analysis

Meloidogyne incognita J2s were isolated as previously described (Chapter 2). 

Three discrete 21mer siRNAs were synthesised against each target transcript (see 

Table 1 for siRNA sequences) and applied individually at 0.1 mg/ml to -300 J2 M. 

incognita, or at 0.05 mg/ml each for dual soaked siRNAs. All soaks were performed 

in triplicate. Following a 24 h single or dual siRNA soak, poly A+ RNA was 

extracted and cDNA synthesised for qPCR analysis (see Table 2 for qPCR primer 

sequences) of target transcripts and endogenous controls {Mi-p-actin and Mi-flp-12), 

as before (see Chapter 3; Chapter 3). We used Mi-eri-1 primers to analyse 

transcript abundance following the various treatments (Chapter 4; Chapter 4). Fold 

changes were transformed into percentage decrease values, arcsine transformed 

and assessed statistically by one-way ANOVA and Tukey’s highly significant 

difference (HSD) test using Graphpad Prism 5. Probabilities of less than 5% (P < 

0.05) were deemed statistically significant.

8.3.2. Blunt 27mer siRNA

Two blunt 27mer siRNAs were designed to compete against a pre-validated 

21mer siRNA targeting Mi.-flp-18 and Mi-pam (peptidylglycing a-amidating 

monooxygenase) respectively, for comparison, such that blunt 27mer siRNA 1 

included the 21 nt sequence of the 21mer siRNA guide strand and was extended by 

6 nucleotides to the 5’, with blunt 27mer 2 correspondingly extended by 6 

nucleotides to the 3’ of the 21mer siRNA. All soaks were conducted in triplicate. 

cDNA synthesis, qPCR and statistical analyses were conducted as above.
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8.3.3. qPCR amplicon placement

Discrete qPCR amplicons were selected to target individually, the 5’ {Mi-flp-21 

F5’ and Mi-flp-21 R5’) or 3’ (Mi-flp-21 F3’ and Mi-flp-21 R3’) fragments of an siRNA 

cleaved Mi-flp-21 transcript (see Table 2 for sequences). Again, experimental 

methodology was conducted as above.

Table 8.1. siRNA sequences

Gene

Mi-flp-21 siRNA 1

Mi-flp-21 siRNA 2

Mi-flp-21 siRNA 3

Mi-flp-18 siRNA 21mer

Mi-flp-18 siRNA 27mer

Mi-pam siRNA 21 mer

Mi-pam siRNA 27mer

Control siRNA 1

Control siRNA 2

Control siRNA 21 mer

Control siRNA 27mer

_____________ Sequence (5’ - 3’)_________
S: AGAAAAUG GUUAAGUC GUAUU 
A: UACGACUUAACCAUUUUCUUU_______
S: GCUUUGCUUGUUGGAAUGAUU 
A: UCAUUCCAACAAGCAAAGCUU_______
S: GGGUUUAGAAGCAAAAAUAUU 
A: UAUUUUUGCUUCUAAACCCUU_______
S: GCCGAUUUAAUGAACAAUUUU 
A: AAUU GUU C AUUAAAU C G G C UU______ _
S : C G AAUU G C C G AUUUAAU G AAC AAUUUU 
A: UUAAUU GUU CAUUAAAU C G G CAAUU C G 
S: ACUUCUUCUGUUAUCACUU 
A: GUGAUAACAGAAGAAGUUU_________
S: AUGAUGCAACUUCUUCUGUUAUCACAC 
A: GUGUGAUAACAGAAGAAGUUGCAUCAU 
S: UGAACGGAGUUGAUGGGGAUU 
A: UCCCCAUCAACUCCGUUCAUU_______
S: CGCUUCUGAUGCUGUCGGGUU 
A: CCCGACAGCAUCAGAAGCGUU_______
S: AGAUGCUCCCAUCGUCCCCUU 
A: GGGGACGAUGGGAGCAUCUUU_______
S: ACUGCAAGAUGCUCCCAUCGUGUCCCC 
A: GGGGACACGAUGGGAGCAUCUUGCAGU
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Table 8.2. qPCR primer sequences

Gene Sequence (5’ -
Mi-flp-21 5’ lK GT T GAAGGGT T TAGAAGC7\A

TAATCATTCCAACAAGCAAA

Mi-flp-21 r l ATTATTCGTCGTATCGCGAT
CAT GAT TAG AT GAT AT GAA

Mi-ftp-18 ^ CTGGGGTACTTCGATTTGGT
G C G GAAAAGAC GATAGAAC G

Mi-pam ^
K.

AAGACAGAAAT GAC C C T GAC
ACAAC CAGAT TTCCATTTTG

s
Mi-p-actin

GACTTGGCAGGACGTGATTT
ACTGTTCGCTAGGAACTCAG

Mi-ftp-12 ^ TCAACTTATGGGGGCAATG
CAACAT T TAT T GAG T GAG T T C CAA

Mi-eri-1 ^ GGAATGGATGACGCTTTA
AACGTAGACACTCCATTTGAA
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8.4. RESULTS

8.4.1. The efficacy of dual siRNA treatment for increased target transcript 

knockdown and Mi-eri-1 up-regulation

When used individually, Mi-flp-21 siRNAs 1-3 triggered 52.98 (±15.8; q =

6.745, P < 0.001), 44.41 (±16.23; q = 5.626, P < 0.01) and 42.44 (±7.913; q = 5.368, 

P < 0.05) percent reductions in target transcript respectively. siRNAs 1 and 2 when 

used combinatorially are predicted to cleave within 30 nucleotides of each other on 

the Mi-flp-21 transcript, and yielded a 52.17 (±13.18, q = 6.639, P< 0.001) percent 

reduction below control treated level; there was no statistically significant difference 

between combinatorial siRNA 1 and 2 treatment when compared with any of the 

three individual siRNA treatments (g = 1.013, P > 0.05). When used together 

siRNAs 1 and 3 are predicted to cleave 160 nucleotides from each other on the Mi- 

flp-21 transcript, and triggered an 80.52 (±7.794; q= 10.34, P< 0.001) percentage 

reduction relative to control treated. The target transcript knockdown resulting from 

combinatorial use of siRNAs 1 and 3 was significantly greater than that resulting 

from individual use of siRNAs 1 - 3 (g = 4.714, P < 0.05 and g = 5.972, P < 0.01 and 

g = 6.595, P < 0.001, respectively). Control siRNAs 1 and 2 used individually, or in 

combination, had no significant impact on target transcript abundance (g =2.211, P 

> 0.05) (see Figure 8.1.A).

Mi-eri-1 transcript can be used as a marker for RNAi activity in M. incognita (see 

Chapter 4; Chapter 4). Mi-flp-21 siRNAs 1 - 3 stimulated 63.92 (±23.07; g = 6.187, 

P < 0.01), 50.62 (±12.54; g = 5.683, P < 0.01) and 60.47 (±8.901; g = 6.001, P < 

0.01) percentage increases of Mi-eri-1 transcript abundance relative to untreated; 

control siRNAs 1 and 2 were responsible for 21.63 (±14.72; g = 1.156, P > 0.05) and 

21.63 (±14.72; g = 2.112, P > 0.05) increases in Mi-eri-1 abundance, respectively. 

When used combinatorially, siRNAs 1 and 2 did not elevate Mi-eri-1 expression 

above that on individual siRNA treatment (g = 1.899, P> 0.05), however, co-soaking 

with Mi-flp-21 siRNAs 1 and 3 resulted in a 115.7 (±21.74; g= 13.76, P< 0.001)
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percentage increase. Control siRNAs 1 and 2 used individually, or in combination, 

had no significant impact on Mi-eri-1 transcript abundance (g = 2.348, P > 0.05) (see 

Figure 8.1 .B).
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Figure 8.1. Percentage change in (A) Mi-flp-21 and (B) Mi-eri-1 transcript 

abundance in Meloidogyne incognita J2s following individual and dual siRNA 

treatments, relative to water soak controls. *P < 0.05, **P < 0.01, ***P < 0.005. (C 

& D) Cartoon depiction of experimental design (not to scale).
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8.4.2. Blunt 27mer siRNA

The Mi-flp-18 21mer siRNA triggered a 71.54 (±7.449; q = 12.23, P < 0.001) 

percentage decrease in target transcript, relative to a 44.93 (±5.504; q = 6.895, P < 

0.001) percentage decrease resulting from treatment with the 3’ extended 27mer (q 

= 4.377, P < 0.05). Similarly, Mi-pam 21mer siRNA elicited a 68.90 (±14.49; q =

11.79, P < 0.001) percentage target decrease, relative to a 45.08 (±15.59; q =

6.919, P< 0.001) percentage target decrease following 3’ extended 27mer siRNA 

soaks (q = 4.221, P < 0.05). In neither case did the 5’ or 3’ extended 27mer siRNAs 

differ statistically with regard to target transcript knockdown (data not shown). 

Control 21 mer and 27mer siRNAs had no appreciable impact on either target 

transcript (q = 1.364, P> 0.05) (see Figure 8.2.).
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Figure 8.2. Target transcript (Mi-flp-18 & Mi-pam) knockdown in Meloidogyne 

incognita J2s using 2 nt 3’ overhang 21 mer siRNAs and 3’ extended blunt 27mer 

siRNAs, relative to water soak controls. *P < 0.05, ***P < 0.005.
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8.4.3. qPCR amplicon placement and target transcript amplification

The cDNA populations generated from the above (see section 8.4.1.) individual 

and dual siRNA targeting of Mi-flp-21 were also used to investigate the impact of 

qPCR amplicon placement relative to the siRNA target site. The original qPCR 

amplification following individual and dual siRNA targeting of Mi-flp-21 used a primer 

set targeted to the 5’ of all predicted siRNA target sites. Here we investigated Mi- 

flp-21 target transcript abundance using a primer set targeted to the 3’ of all 

predicted siRNA targeted sites. We found a significant decrease in the relatively 

quantified knockdown of Mi-flp-21 across all individual and dual siRNA treatments, 

when comparing the 3’ primer set with the previous 5’ primer set (Fd(=7 = 4.379, P < 

0.01) (see Figure 8.3. below).
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Figure 8.3. Mi-flp-21 abundance in Meloidogyne incognita J2s following individual 

and dual siRNA treatments, as measured by (A) 5’, and (B) 3’ targeted primer sets, 

relative to water soak controls. *P < 0.05, **P < 0.01, ***P < 0.005. (C) Cartoon 

depiction of experimental design (not to scale).
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8.5. DISCUSSION

This study indicates that a novel dual siRNA targeting strategy can be employed 

successfully to stimulate an increased RNAi secondary response in the root knot 

nematode M. incognita. Our data show that dual siRNAs targeted within 160 nt 

(siRNA 1 and 3) on the same target transcript (Mi-flp-21) can significantly increase 

target transcript knockdown, relative to individual siRNA treatments, over a 24 h 

period. However, dual siRNAs targeted within 30 nt (siRNA 1 and 2) of each other 

do not increase target transcript knockdown above that possible when using 

individual siRNA treatments. These data correlate well with known markers of the 

RNAi secondary response in M. incognita (Chapter 4); specifically, Mi-eh-1 

transcript abundance is increased substantially above individual siRNA treatments 

when targeted with siRNAs 1 and 3 (160 nt cleavage fragment), whereas Mi-eri-1 

abundance is not significantly increased following treatment with siRNAs 1 and 2 (30 

nt cleavage fragment). Although more data are needed to further characterise this 

phenomenon, here we provide preliminary evidence of stimulating the RNAi 

secondary amplification response using two siRNAs targeted to create an internal 5’ 

and 3’-unprotected mRNA cleavage fragment. We hypothesise that such fragments 

provide optimal substrates for RdRp activity and secondary siRNA synthesis, either 

as a function of increasing available unprotected 3’ transcript termini (Aoki et al., 

2007), or as a result of optimal RdRp activity on the excised mRNA fragment, 

irrespective of the 3’ terminus (e g. Edwards et al., 2005). Potentially, a distance of 

30 nt’s between two siRNAs may be too short to allow access of multiple RNA 

induced silencing complexes (RISCs) at the same time, or alternatively the 30 nt 

distance is simply too small to allow a second cleavage event before degradation of 

the remaining transcript occurs.

Although we have not yet conducted the relevant experiments, we would expect 

that a point would be reached whereby the addition of further siRNAs (more than 2) 

would confer no additive benefit to transcript knockdown or Mi-eri-1 up-regulation,
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as competition for transcripts would likely preclude the possibility of multiple 

cleavage events on the same target transcript; thereby limiting the synthesis of 

further RdRp substrates for increased secondary amplification. Our own 

unpublished observations (also, Kimber et al., 2007) indicate that long dsRNA 

triggers always trigger a high level of knockdown relative to siRNAs when used 

individually. We believe that this may be explained to some extent by the 

phenomenon which we investigate here, i.e. the availability of more appropriate 

RdRp substrates, which evolve from the activity of multiple discrete siRNAs 

generated through dicer activity on the cognate dsRNA, and consequently, multiple 

cleavage events on individual target transcripts.

Despite the success of blunt 27mer “dicer substrate” siRNAs in other systems 

(Rose et al., 2005), our data indicate a significant reduction in target transcript 

knockdown relative to 2 nt 3’ overhang 21mer siRNAs after a 24 h treatment of M. 

incognita J2s in M-f/p-f 8-specific siRNAs. Interestingly, M. incognita, like other 

parasitic nematodes (see Chapter 7), does not encode an obvious RDE-4 (Rnai 

DEfective-4) orthologue. In C. elegans, RDE-4 is an important cofactor of the dicer 

complex, helping to bind and appropriately orientate the dsRNA substrate. Recently 

RDE-4 has also been implicated in the initiation of the RNAi secondary response 

(Vasale et al., 2010). This observation correlates well with our own data, and 

suggests that the reduced efficacy of blunt 27mers may be as a result of inefficient 

binding to the dicer complex. Although we have not yet investigated this, we might 

expect a corresponding decrease in Mi-eri-1 expression following 27mer siRNA 

treatment, relative to 2 nt 3’ overhang 21mer siRNA treatment. Such an observation 

would confirm our hypothesis, which if correct would imply either, an alternative 

route to secondary siRNA synthesis in M. incognita and other parasitic nematodes, 

or the presence of another RDE-4-like effector. Issues at the stage of initial 

recognition and binding of blunt 27mer siRNAs must not apply to longer dsRNA 

triggers as we consistently observe high levels of target transcript knockdown using
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long dsRNAs, irrespective of phenotypic issues (Chapter 2). It is possible that the 

increased length of long dsRNA triggers allows direct binding of the dsRNA to the 

dicer enzyme through interaction with key binding domains, whereas the 27mer 

siRNAs are not long enough to span both carboxy terminal RNase Ill-like domains in 

addition to the amino terminal dsRNA binding domain.

There are many reports of asymmetric PCR amplification issues following RNAi 

screens in other biological systems (Hahn et al., 2004). However, this is an aspect 

of experimental design which has not yet been investigated in nematodes. Data 

here indicate that this phenomenon also represents an aspect of RNAi functionality 

in M. incognita. Additional unpublished data also provide evidence of this 

phenomenon in the porcine intestinal nematode Ascaris suum (Neil Warnock, QUB, 

personal communication). Given well known issues of triggering and/or reproducing 

RNAi results in many parasitic nematodes (Samarasinghi et al., 2010), this 

phenomenon of relative 3’ cleavage fragment stability could provide a source of 

variability which has not yet been accounted for; notably, a source of variability 

which could potentially account for a significant number of false negative RNAi 

screens at the transcript level.

The implications of this asymmetric target mRNA degradation may be far 

reaching. In C. elegans we know that secondary amplification of the RNAi 

response, through RdRp polymerisation of target mRNA transcripts, propagates 

predominantly to the 5’. As the secondary population of siRNA propagates to the 5’ 

they will target the mRNA transcript at points progressively 5’ of the initial siRNA 

target site, creating a series of secondary cleavage sites from which further RNAi 

amplification events will occur, again spreading to the 5’ (Aoki et al., 2007). It is well 

established that the RNAi response in C. elegans is predominantly antagonised by 

the secondary population of siRNAs (Aoki et al., 2007; Pak and Fire 2007; Sijen et 

al., 2007; Gent et al., 2010). As secondary siRNAs cleave the target transcript 

progressively further 5’ over a time course this will effectively increase the size of

251



Chapters: RNAi experimental design

the 3’ mRNA cleavage fragment; the cleavage fragment which is relatively more 

stable than the 5’ fragment of a single cleavage event (see Fig. 8.4 ). This means 

that qPCR amplicons placed to the 3’ of these secondary siRNA cleavage sites may 

contribute to an underestimate of transcript knockdown.

qPCR ampficon

Secondary^ ^ ^ siRNA

points mwmwmmm ~j Secondary siRNA
«“***«*>“* population

—■ p propagates to 5'
.inr-..-nr-nnfT. J over time

Figure 8.4. Cartoon depiction of secondary siRNA 5’ propagation impact on initial 

qPCR amplicon placement over time.

Whilst preliminary data support the model proposed above for progressive 

shunting of the qPCR amplicon to the 3’ fragment (data not shown), more data 

replicates are required. This phenomenon could have important implications for off- 

target RNAi; that is the knockdown, or modulation of mRNA transcripts which do not 

share significant sequence similarity with the initial RNAi trigger. The constant 

evolution of secondary siRNA sequences along a time course promotes a situation 

in which it becomes progressively more difficult to control the specificity of RNAi; 

especially in cases of targeting individual members of a highly similar multigene 

family, where small areas of sequence dissimilarity would unlikely be sufficient to 

trigger specific transcript knockdown before secondary siRNAs began to target other 

family members. Undoubtedly this necessitates a revised experimental model, 

where the conditions for RNAi of each individual target transcript is time coursed, 

and behavioural / functional assays are conducted at the shortest treatment time 

required to trigger significant transcript knockdown.
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The over-simplified high-throughput nature of RNAi protocols in C. elegans has 

negatively impacted the specificity and stringency of RNAi experimental design in 

parasitic nematodes. Whilst many RNAi optimisation papers have been published 

for various parasitic nematode species (see Rosso et al., 2009 and Samarasinghi et 

al., 2010 for numerous examples), a true understanding of RNAi in parasitic 

nematodes is seriously lacking. This study provides preliminary data on aspects of 

optimal triggering and subsequent quantification of RNAi experimentation in 

parasitic nematodes, which will contribute to the improvement of RNAi protocols.
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9.1. THESIS SUMMARY

This thesis has investigated various aspects of the RNA interference (RNAi) 

mechanism in two economically important plant parasitic nematodes (PPNs), the 

potato cyst nematode Globodera pallida and the root knot nematode Meloidogyne 

incognita. Much of the work contributing to this project has advanced our 

understanding of RNAi in these nematodes, and may also have broader implications 

for other parasitic nematode species.

Although RNAi has been used widely to probe gene function in PPNs, this 

current body of work highlights a number of serious and potential issues which 

should be considered in future experimental designs. Some of the salient issues 

developing from this work, and relevant future directions are discussed below.

9.2. Issues with long double stranded (ds)RNA RNA interference triggers in 

plant parasitic nematodes (PPNs)

Here we demonstrate that long dsRNA triggers are inappropriate for gene 

silencing (or at least that designed to probe gene function) in certain PPNs (Chapter 

2), as they elicit aberrant phenotypes and reduce nematode viability irrespective of 

sequence. We demonstrate that this phenomenon is both time and concentration 

dependent, and that it presents in J2s soaked in dsRNA concentrations much lower 

than those used by other groups (see Rosso et al.,, 2009 for review). Surprisingly, 

this phenomenon has not been reported elsewhere. However, it is possible that the 

widespread use of octopamine in soaking buffers may mask this occurrence, as we 

observe a potent inhibition of somatic musculature and consequent aberrant 

behaviour in response to this biogenic amine (see also Kimber et al., 2007).

Another confounding factor could be the high number of individual PPNs being used 

in soak treatments by other groups (Rosso et al., 2009); frequently this is in the 

range of thousands, rather than hundreds in the case of our own work, and this may 

make it difficult to observe aberrant phenotypes unless they are specifically
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measured post-treatment. In Chapter 2 we hypothesise that a potential RNAi 

pathway saturation event may be responsible for our phenotypic observations. 

Interestingly, we can correlate the aberrant behaviour and phenotype observed in 

response to a range of long dsRNAs with data from Chapter 4. When we silence 

the cytosolic dsRNA processing enzyme, dicer, in M. incognita J2s, we observed a 

phenotypic response comparable to that induced by long dsRNA. This provides 

some support for our earlier hypothesis and correlates well with data generated in 

Chapter 3, which demonstrates that control short interfering (si)RNAs (non- 

nematode-derived), which bypass the dicer complex, do not induce the same 

aberrant phenotypes as long dsRNAs. More definitive data could be collected by 

quantifying the expression ratio of selected primary (pri)-, precursor (pre)- and 

mature micro (mi)RNAs before and after treatment with long dsRNA. An increased 

abundance of immature miRNA species relative to mature miRNA following long 

dsRNA treatment could indicate a saturation event at the dicer enzyme. Such a 

saturation event could have serious implications for behavioural / functional assays 

of treated nematodes, and in our opinion signifies a much broader shortfall in 

general understanding and correct implementation of RNAi against PPNs. Much of 

the work presented in this thesis specifically addresses these issues.

9.3. RNA interference trigger delivery to PPNs

The method of dsRNA / siRNA delivery to PPNs seems to form a pervading 

dichotomy in the literature (see Rosso et al.,, 2009 for review; in contrast with 

Kimber et al.,, 2007; Chapters 3, 6 and 8). The vast majority of studies to date use 

octopamine to stimulate pharyngeal pumping and uptake of the RNAi trigger into the 

non-feeding PPN J2 intestine. This strategy was implemented to mirror known 

routes of dsRNA / siRNA uptake in the model nematode Caenorhabditis eiegans, 

where the transmembrane protein SID-2 is known to passively transport the RNAi 

trigger across the intestinal epithelium. SID-1 is responsible for spread of the RNAi
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trigger between tissues following uptake through the intestine in C. elegans. Whilst 

many groups have demonstrated this to be a successful deliver strategy in the case 

of PPNs, the rationale for such an approach is not immediately obvious given that 

there are no reports of SID orthologues in any PPN to date. Likewise, the work 

presented here demonstrates that environmental availability of an RNAi trigger is 

sufficient to elicit an RNAi response in many situations (Chapters 6 and 8) without 

the addition of octopamine. It is not clear how the RNAi trigger is being assimilated 

by the PPN, or indeed, how the RNAi trigger is being spread within the PPN. Our 

data indicate that the epsin protein RSD-3 is the only known, well conserved 

spreading protein present in a range of plant, animal and human parasitic 

nematodes (Chapter 7). Data from many groups support some kind of uptake and 

spreading mechanism, including data from both Fanelli et al., (2005) and Chapter 4 

of this thesis, which demonstrates uptake into the egg stage. Alternative routes to 

entry have also been established (although not characterised) in the ruminant 

parasite Haemonchus contortus, even following pharyngeal ligation (Kotze and 

Bagnall 2006). However, it remains possible that low levels of pharyngeal uptake 

may facilitate assimilation of the RNAi trigger through the PPN intestine.

Interestingly, our own evidence of neuronal hypersensitivity in PPNs seems to 

correlate with a recent study in C. elegans where SID-1 expression in neuronal 

tissues allows gene silencing in the normally recalcitrant tissue type. This 

transformation also drives a neuronal RNAi-sinking phenomenon, whereby the 

efficacy of gene silencing in other C. elegans tissues is diminished (Calixto et al., 

2010). We have found that both Meloidogyne Incognita and Globodera pallida are 

readily susceptible to neuronal RNAi, in contrast with wild-type C. elegans. This 

may indicate that uncharacterised proteins are involved in uptake and spread in 

these nematodes, and should underpin efforts to identify such putative proteins. 

Unfortunately, RNAi represents our only useful reverse genetics tool in PPNs, and 

using a combinatorial approach to investigate the function of putative uptake and
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spreading proteins, in addition to another target may be difficult as combinatorial 

approaches have been shown to be less potent than individual targeting strategies 

(Bakhetia et al., 2008). Whilst some of the inherent difficulties of recursive RNAi 

experiments (those that aim to silence elements of the RNAi pathway itself) have 

previously been highlighted (Marshall, 2008), the situation may be yet more 

convoluted as we consider the recovery of target transcripts over time, in response 

to RNAi pathway inhibition (see Chapters 4 and 7 for some details on RNAi 

inhibitors in PPNs).

9.4. The potential of alternative reverse genetics tools in parasitic nematodes

Whilst the mechanism behind RNAi was first discovered serendipitously through 

application of antisense oligonucleotides in an effort to specifically inhibit translation 

of a particular transcript, the field of antisense gene silencing technology has also 

developed significantly since its inception 26 years ago (Izant and Weintraub 1984; 

Izant and Weintraub 1985). Two major antisense oligodeoxynuclotide’s now 

dominate the field, one group which utilises RNase H activity in the cleavage of 

DNA-RNA hybrid helices, and the other which acts to limit translation through 

sterically blocking the ribosomal machinery (Summerton, 2007).

The first widely used class of antisense oligonucleotides were designed to exploit 

nuclear RNase H to cleave targeted mRNA sequences. Dominant among which, 

phosphorothioate-linked DNAs (S-DNA) were designed such that the phosphate 

intersubunit linking oxygen was substituted with a sulphur, rendering the 

oligonucleotide’s less susceptible to nucleolytic degradation, and increasing half life 

from a few minutes for unmodified DNA oligonucleotide’s in most biological systems, 

to multiple hours in the case of S-DNA (Summerton, 2007) (see Fig. 9.1. for some of 

the nucleic acid modifications used for antisense applications). Whilst the backbone 

sulphur substitution decreases binding affinity to RNA relative to unmodified DNA 

equivalents, the near iso-structural conservation of S-DNA and DNA allows sufficient
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binding of S-DNA to the mRNA target for RNase H-mediated cleavage to occur. 

While the sulphur-oxygen substitution does increase half life of the oligonucleotide, 

the sulphur atoms seemingly increase non-specific association with extracellular, 

cell-surface, and intracellular proteins, which may cause extensive off-target effects 

(Stein and Krieg, 1994; Krieg and Stein, 1995).

Following on from the success of RNase H-dependent antisense 

oligonucleotides, a second class of steric-blocking oligonucleotide analogues were 

developed. Prominent among which are the heavily marketed morpholino’s (Corey 

and Abrams, 2001; Heasman, 2002; Angererand Angerer, 2004), which dominate 

applications requiring high specificity, and the peptide nucleic acid (PNA) and linked 

nucleic acid (LNA) types, which are powerful invaders of DNA secondary structure, 

due to their high RNA binding affinities.

Morpholino’s constitute a radical redesign of nucleic acid structure. The 

pentagonal ribose sugar moiety is replaced with a hexagonal morpholine ring which 

increases nuclease stability, and the negatively charged intersubunit phosphate 

linkage has been replaced by a non-ionic phosphorodiamidate linkage in the 

morpholine analogue, which significantly reduces non-specific ionic interactions with 

proteins and other cytosolic bodies (Summerton, 2007; Eisen and Smith, 2008). 

However, this structural manipulation results in a molecule with multiple chiral 

centres, as is the case for oxygen-sulphur, oxygen-nitrogene and oxygen-borane 

substitutions in the chiral phosphate linkage. Often different enantiomers of a 

bioactive molecule can elicit disparate physiological effects, where stereoselectivity 

in molecular bioavailability, distribution, metabolism and half-life can lead to 

differences in isomer activity which may result in toxicity, and unpredictable variation 

in bioactivity (Aboul-Enein, 2001).

The number of diastereomers increases exponentially with increasing size, 

which could result in the formation of roughly half a million diastereomeric analogues 

during the synthesis of a 20mer. The vast majority of modified antisense (AS)
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oligonucleotides are prepared by stereo-nonselective methods (Urban and Noe, 

2003), which could provide sources of variability.
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Figure 9.1. Potential antisense oligonucleotide modifications.

5’ or 3’ nucleic acid modifications typically include carrier type molecules such as 

peptides, aptamers or other conjugates usually incorporated to increase half-life of 

the AS oligonucleotides or to increase cellular uptake. 4’ modifications may include 

oxygen to sulphur, or oxygen to carbon substitutions. Artificial base mismatches 

may include uracil-thymine substitutions in DNA, or inosine modifications. 

Morpholino-type AS oligonucleotides include a hexagonal morpholine ring in place 

of the pentagonal ribose sugar. 2’ modifications include 2’-0-methyl moieties.

There are many potential backbone inter-subunit modifications commonly used, 

including (Y) oxygen or sulphur atoms in combination with (Z) SH - 

phosphorothioates; SH - phosphorodithioates; Me - methylphosphonates; OMe - 

phosphoric acid trimesters; NR2 - phosphoramidates. Also, CH3, alkyl, O-alkyl, and 

NH-alkyl moieties may be added to the backbone phosphate group. In addition, the
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intersubunit linkage may be transferred to an amide linkage, as is the case for PNA 

oligonucleotides. 1’ modifications include a- or p-linked bases.

Whilst the efficacy of nucleic acid antisense technology has not yet been 

documented in the literature for parasitic nematodes, our own preliminary efforts 

indicate that single-stranded DNA 21mers are not effective at a transcript or 

phenotype level when targeting FMRFamide-like peptide genes on soaking for 24 h 

(no octopamine; data not shown). Further investigation is undoubtedly required as 

antisense technologies could provide a useful counterpoint for the investigation of 

RNAi pathway function in parasitic nematodes. Issues of uptake and spread may 

however pose a formidable barrier to any such antisense technology applications 

without considerable optimisation.

9.5. Animal parasitic nematodes: experimental considerations for RNA 

interference

The difficulties and variability associated with RNAi in animal parasitic 

nematodes has been well documented (Geldhof et al., 2006; Visser et al., 2006; 

Knox et al., 2007; Lendner et al., 2008). A recent study investigating factors 

affecting RNAi in the ruminant parasite Haemonchus contortus suggests that those 

gene transcripts expressed in tissue types directly exposed to the environment are 

most readily silenced (Samarasinghe et al., 2010). It appears that target transcripts 

which are co-expressed in tissue types removed from environmental exposure, in 

addition to those in close apposition to the environment, can also be silenced to a 

high degree. Conversely, those target transcripts which are only expressed in tissue 

types far removed from environmental exposure are most difficult, and least likely to 

be silenced. This strongly suggests that the issue may be an inefficient spreading 

mechanism.

Several novel strategies could be employed to circumvent the issue; for 

example, the nematodes could be co-soaked in dsRNAs / siRNAs to both an
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experimental target and the siRNA inhibitor ERI-1 (see Chapters 4 and 7). This 

could facilitate a longer target-specific dsRNA / siRNA half life in vivo and facilitate 

an increase in RNAi trigger spread.

Alternatively, target specific dsRNA / siRNA could be introduced with an RNA 

target strand (“bait RNA” - which would be a section of target RNA removed from 

the qPCR amplicon to avoid PCR issues) in lipofectin formulations. If the 

expression pattern of target transcript is a key variable in triggering an RNAi 

response, those target transcripts expressed only in tissues removed from 

environmental exposure may be reached by secondary siRNAs spread from 

environmentally exposed tissue types. Introducing a section of bait RNA along with 

the RNAi trigger may be enough to trigger cleavage of a target not otherwise 

accessible in that tissue, and consequently, secondary amplification and spread to 

relevant tissue types.

Some potential considerations for RNAi in parasitic nematodes have been 

investigated in Chapter 8 of this thesis. Specifically, the potential for qPCR 

amplicon placement to effect false negative results at the transcript level should be 

investigated widely. At this time we know too little about the nuiances of RNAi in 

PPNs to suggest a general rationalized approach to gene silencing. Since the data 

generated here relate to relatively small numbers of genes, we can simply use them 

to formulate testable hypotheses. Undoubtedly, the accumulation of additional 

datasets will continue to help inform experimental design considerations in these 

parasites.

9.6. PPNs as model nematodes?

One of the overriding observations from the work presented in this thesis is the 

robust nature of siRNA induced gene silencing in PPNs. Indeed, the neuronal 

susceptibility of PPNs to RNAi appears to be an advantage, even over C. elegans. 

Additionally, and unlike C. elegans, PPNs have a parasitic lifestyle that gives them
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some added appeal as models for gene function studies in parasitic nematodes. 

Whilst genetic transformation is not yet established within PPNs, being able to 

selectively knockdown PPN homologues of candidate drug targets in animal 

parasitic nematodes could be a powerful boon to parasitology laboratories working 

to validate drug targets in some of the more RNAi recalcitrant nematode parasite 

species.

9.7. An eye on roundnematode RNAi

Following the compilation of data for Chapter 7, efforts to assess the RNAi 

pathway complement of Haemonchus contortus necessitated a revised 

methodology. Unfortunately the quality of the sequence database, and gene 

annotation of H. contortus is not to the same standard as that available for the other 

nematode species considered. To accommodate the data available, we conducted 

primary tBLASTn searches of the 2009 super contig assemblies available through 

the Wellcome Trust Sanger Institute fhttp://www.sanqer.ac.uk/cc 

:in/blast/submitblast/h contortus). The only output from these searches was a 

BLAST alignment. Subsequently we concatenated the H. contortus sequences 

returned and used these as a reciprocal BLAST query to C. elegans as documented 

in Chapter 7.

Preliminary data indicate that the complement of RNAi pathway components in 

H. contortus mirrors closely that observed in the other parasitic nematode species 

considered in Chapter 7 (data not shown). Interestingly, there is a putative SID-1 

orthologue present in the contig assemblies. This observationis consistent with the 

hypopthesis that the presence of SID orthologues is a clade V phenomenon. 

Flowever, the confirmation of functional identity of putative SID orthologues in these 

nematodes awaits paralogous expression analysis in C. elegans mutants. Given the 

RNAi competence of Meloidogyne species, and the similarity of RNAi pathway
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complement with H. contortus, these data give much hope that revised RNAi 

protocols can be employed with success to disparate nematode species.

9.8. FLP-21 receptor deorphanisation efforts in Meloidogyne incognita

The data generated in Chapter 6 of this thesis, pertaining to the function of M. 

incognita FLP-21 in chemosensory coordination, provides a basis to begin receptor 

deorphanisation efforts. FLP-21 is involved in the coordination of chemosensory 

attraction, but not osmotic repellence in M. incognita J2s. Using a phenotype 

matching approach we could profile a series of putative G protein-coupled receptors 

(GPCRs) with similarity to the C. elegans FLP-21 receptor, NPR-1 (Rogers et al., 

2003). Matched phenotypes following RNAi would indicate strong Mi-flp-21 receptor 

candidacy. Subsequently we would confirm identity using yeast functional 

expression (see Kimber et al., 2009). GPCRs are favoured targets for small 

molecule drugs, being the single most “druggable” targets in human medicine. 

Likewise, in the case of parasitic nematodes, targeting a GPCR involved in 

chemosensory attraction to host plants would represent an attractive option for the 

development of next generation nematicides (see Chapters 5 and 6).

Taken together, the data presented in this thesis: reveal that nematode parasites 

are broadly similar with respect to RNAi pathway complements; identify the off target 

impact of long dsRNAs in PPNs; identify the utility of siRNAs as triggers for gene 

silencing in PPNs; identify the first lethal siRNAs in any parasitic nematode; 

associate development processes in nematode parasites with non-coding RNAs; 

include the development of bioassays to delineate the phenotypic impacts of RNAi; 

identify a neuropeptide involved in host finding behaviour in a parasitic nematode; 

reveal that siRNA and PCR amplicon positioning are key elements in the detection 

of a robust RNAi response; and, expose the potential for secondary siRNA and 

RNAi-pathway inhibitor involvement in RNAi responses in PPNs. These datasets
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combine to provide a significant advance in our understanding of gene silencing 

processes in PPNs and underscore the potential of PPNs as models for gene 

function studies in nematode parasites.
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