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In the late 1990s, a series of landmark publications described RNA interference 

(RNAi) and related RNA silencing phenomena in nematodes, plants and fungi. By 

manipulating RNA silencing, biologists have been able to create tools for specifically 

inactivating genes. In organisms from trypanosomes to insects, RNA silencing is now 

indispensible for studying gene function. RNA silencing has been used in a project 

aimed at systematically knocking out all genes in the model plant Arabidopsis 

thaliana. 

RNA silencing has a natural role in defending eukaryotic cells against virus 

replication. By assembling virus DNA sequences in a form that triggers RNA 

silenCing, biologists have created plants resistant to specific viruses. In this study, 

we set out to test if a similar approach would protect plants against infection by the 

agriculturally important Brassica pathogen, Plasmodiophora brassicae. P. brassicae is 

an obligate intracellular biotroph, from the little studied eukaryotic supergroup, the 

Rhizaria. 

To identify the gene sequences that would be starting materia-I for P. brassicae RNA 

silencing, new P. brassicae genes were gathered by cDNA cloning or genomic PCR

walking. Using suppression subtractive hybridisation (SSH) and oligo-capping cloning 

of full-length cDNAs, 76 new gene sequences were identified. A large proportion of 

the cDNAs were predicted to contain Signal peptides for ER translocation. 



In addition to the new cDNA identified here, partial sequences for the P. brassicae 

actin and TPS genes were published by other researchers close to the beginning of 

this study. Using peR-walking, full-length genomic DNA sequences from both genes 

were obtained. Later, genomic DNA sequences spanning or flanking a total of 24 P. 

brassicae genes were obtained. The P. brassicae genes were rich in typical 

eukaryotic spliceosomal introns. Transcription of P. brassicae genes also appears 

likely to begin from initiator elements rather than TATA-box-containing promoters. 

v 

A segment of the P. brassicae actin gene was assembled in hairpin format and 

transformed into Arabidopsis thaliana. Observation of simultaneous knockdown of 

the GUS marker gene as well as detection of siRNAs indicated that the hpRNA 

sequences induced RNA silencing. However, inoculation of these plants with P. 

brassicae resulted in heavy club root infection. We were unable to detect decreases 

in actin gene expression in the infecting P. brassicae, at either early or late stages of 

infection. We conclude that, within the limits of the techniques used here, there is 

no evidence for induction of RNA silencing in P. brassicae by in planta produced 

siRNAs. 

Keywords: Plasmodiophora brassicae, club root, Rhizaria, RNA interference, in 

planta RNA silencing, Arabidopsis thaliana, suppression subtractive hybridisation, 

cDNA cloning, genome, intron. 
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CHAPTER 1. literature Review 

c Plasmodiophora brassicae 

P. brassicae is a protistan pathogen that causes club root disease in plants of the 

Brassicaceae family. Club root is a soil or water borne disease that causes large 

distinctive galls on the roots and hypercotyls of plants (Fig. 1). Worldwide, 

economically important crops such as cabbages and rapeseed are subject to severe 

losses from club root (Ludwig-Mulier, 1999). Initial P. brassicaeinfection is made by 

-zoospores that enter root hairs and root epidermal cells. After a period of about 10 

days, the primary infection phase is followed by a second phase that occurs in the 

root cortex and stele. This phase features plant cell division and enlargement, tissue 

disorganisation and formation of the characteristic galls. Secondary development is 

accompanied by substantial changes in phytohormone levels (Devos et aI., 2005) 

with heavy infection leading to significant changes in plant structure. Club root 

infection is first visible to the naked eye as a swelling in the plant hypocotyl after two 

weeks. Over a further ten days, severe swelling of the hypocotyl, main root and 

lateral roots develops. Infection is often evident in the field as wilting of the plant 

during hot weather (Crute, 1986). At plant death, rotting galls release mature 

spores into the soil where they may remain dormant for extended periods. 

P. brassicae belongs in the Plasmodiophorida, an enigmatic order of protists 

(Braselton, 2001). The Plasmodiophorida contains several other important plant

pathogens including Spongospora subterranea that causes potato powdery scab 

disease and Spongospora nasturtiithat causes water-cress crooked root disease. 

Spongospora and Po/ymyxa species also serve as vectors for many plant viruses 

including barley yellow mosaic virus, potato mop top virus and beet soilborne mosaic 

virus (Rochon et aI., 2004). These diseases are serious problems for crop growers 

worldwide. Aside from parasites of plants, plasmodiophorids from the Woronina 

genus infect stramenopiles such as pythium and Sapro/egnia species (Braselton, 

2001). Protists from the closely related Phagomyxida order also infect stramenopile 

hosts in marine environments (Schnepf, 1994). 



Figure 1. Club root disease. A heavily infected Brassica rapa plant showing advanced 

secondary stage club root infection in hypercotyl and roots. 
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Defining features of the Plasmodiophorida are obligate intracellular parasitism, 

flagellated zoospores, cruciform nuclear divisions and multi-nucleate plasmodia. In 

the second half of the 20th century, extensive ultrastructural and karyological studies 

illuminated most aspects of the plasmodiophorid's complicated lifecycle (summarised 

in Dylewski 1990; Braselton 1995). The following lifecycle description (numbers in 

the lifecycle description refer to those in Fig. 2) is based predominantly on the study 

of P. brassicae by Aist and Williams (1971). The term zoosporangial is used for 

primary stages of development and sporogenic for secondary development. 

The rv3-5J.JM in diameter resting spores (1) of P. brassicae are resistant to 

environmental extremes and may remain viable in the soil for years. In response to 

root exudates, spores hatch to give primary zoospores (2) with two flagellae of 

unequal length. When swimming zoospores come into contact with the host, they 

attach to the root, and encystment begins (Fig. 3). Over a period of two to three 

hours the morphology of the zoospore changes. Most strikingly, a long tubular cavity 

termed the Rohr is formed, oriented towards the root (Keskin and Fuchs, 1969). 

Within the Rohr is a dense-staining, sharp-pointed rod called the Stachel. About 15 

minutes before cell penetration a vacuole enlarges to fill half of the zoospore, and an 

attachment structure, the adhesorium, forms between the zoospore and the root. 



? primary 
infection 

Figure 2. The plasmodiophorid life cycle. See text for discussion of life cycle stages. 
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In a rapid process the vacuole enlarges to fill the entire zoospore, forcing the Stachel 

into the host cell. The contents of the zoospore are injected, amoeba-like, after the 

Stachel (3), and the plasmodiophorid begins to synchronously divide. This phase of 

development, termed primary or zoosporangial development (4), results in 

multinucleate protoplasts or plasmodia. These cell divisions are characterised by a 

persistent nuclear envelope and nucleolus. During metaphase the nucleolus 

elongates in the direction of the poles and at right angles to the equatorial chromatin 

plate, forming a cross-like configuration. This is known as cruciform nuclear division. 

After the cruciform divisions, a series of non-cruciform divisions segment the primary 

plasmodia (5) into secondary zoospores (6). Secondary zoospores are released into 

the environment where they re-infect new host cells (7). In this secondary 

development stage (7), cruciform divisions again precede non-cruciform divisions in 

the formation of plasmodia (8). However, the second-stage divisions are considered 

to be meiotic and the plasmodium is cleaved into new resting spores (9). Mature 

resting spores are released into the soil upon death of the host. 
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Figure 3. Infection of host cell (encystment) by a P. brassicaezoospore. After cell 

attachment the zoospore forms a Rohr and Stachel apparatus with a large cellular vacuole (A) 

The vacuole begins to enlarge and the adhesorium forms. (8) The vacuole enlarges further 

and the Stachel is forced into the host cell. (C) The zoospore cytoplasmic contents are 

extruded into the host cell and a papilla forms. V, vacuole; Ad, adhesorium; FAM, fibrillar 

adhesive material; L, lipid body; HC, host cytoplasm; HW, host wall; P, Rohr plug; Pa, papilla; 

PC, parasite cytoplasm; RW, Rohr wall; Sch, Schlauch; St, Stachel; and ZW, zoospore wall. 

From Aist and Williams (1971). 

There is some uncertainty about the transition from primary to secondary P. 

brassicae development. Environmental conditions probably influence the transition, 

because some primary infections appear to lead directly to spore formation (2 -> 7) 

with zoosporangial and sporogenic development occurring at the same time in the 

host (Braselton, 1995; Claxton et aI., 1996; Mithen and Magrath, 1992). Further, 

although secondary infection is usually ascribed to reinfection by secondary 

zoospores, since 1935 there have been persistent suggestions of cell-to-cell 

movement by myxamoeba (Buczacki, 1983). This mechanism, which could account 

for the movement in gall-forming plasmodiophorids between the site of primary 

infection in root-hairs/epidermal cells and the site of secondary infection in cortical 

tissues, has found increasing recent popularity (Mithen and Magrath, 1992; Claxton 

et aI., 1996; Clay and Walsh, 1997). 



As will be discussed later, the biology - especially the molecular biology - of 

P/asmodiophora brassicae is poorly understood because of the difficulty of working 

with plasmodiophorids in the laboratory. 

RNA silencing 

5 

The first observations of RNA silencing were made in transgenic petunia carrying 

extra pigment-producing genes. Instead of deep purple flowers, the petunia 

produced white flowers (Napoli et aI., 1990). Studies of this and related silencing 

phenomena were greatly accelerated by studies of RNA interference (RNAi) in the 

nematode Caenorhabditis e/egans (Fire et aI., 1998), post transcriptional gene 

silencing in plants (Hamilton and Baulcombe, 1999) and quelling in fungi (Cogoni and 

Macino, 1997; Cogoni and Macino, 1999). These processes share the uniting 

features 1) double stranded (ds)RNA in the cell is the trigger for RNA silencing; 2) 

dsRNAs are processed by RNase III-like enzymes, Dicers (Bernstein et aI., 2001), to 

give 20-26 nucleotide small interfering (si)RNAs (Hamilton and Baulcombe, 1999); 3) 

siRNAs are incorporated into a multi-subunit RNA-induced silenCing complex (RISC) 

containing an Argonaute protein (Liu et aI., 2004). The siRNA then serves as a guide 

to target fully or near fully complementary RNA or DNA for inactivation. 

The term RNA silencing encompasses a number of related pathways leading to gene 

inactivation (reviewed in Meister and Tuschl, 2004). Plants are especially rich in 

these pathways, having multiple Dicer-like (DCl) proteins. The four Arabidopsis DCl 

proteins each have central but partly redundant roles in individual silencing pathways 

(reviewed in Brodersen and Voinnet, 2006; Henderson et aI., 2006; Deleris et aI., 

2006). One of the most important facets of RNA silencing in both animals and plants 

is the micro (mi)RNA pathway. miRNAs are non-coding RNA species that form RNA 

stem-loop-like precursor structures that are processed into 20-24 bp small RNAs 

(Carrington and Ambros, 2003; Kim and Nam, 2006). Across a range of organisms, 

miRNAs may mediate postranscriptional mRNA cleavage or translational repression, 

but of the 1V100 plant miRNAs identified to date (Xie et aI., 2005), most have near

perfect homologyeto their target mRNAs, meaning that targeted transcripts are 

cleaved (reviewed in Mallory and Vaucheret, 2006). In both animals and plants, 

inactivation of miRNA production leads to large phenotypic growth defects, indicating 



the central role of miRNAs in coordinating development. In plants, these broad 

changes may be controlled by miRNA targeting of regulatory cascades mediated by 

auxin and transcription factors (e.g. Guo et aI., 2005; Jones-Rhoades and Bartel, 

2004). In Arabidopsis, DCl1 is responsible for production miRNAs. 
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As well as targeting mRNAs, some siRNAs interact directly with DNA to cause 

methylation and heterochromatin formation. siRNAs corresponding to transposons 

and silenced genes in heterochromatin regions have been detected in plants, and 

loss of this class of siRNAs leads to increased transposon mobilisation (Vastenhouw 

et aI., 2003; Zilberman et aI., 2003). Methylation specific siRNAs are predominantly 

24 bp in length and are processed by Arabidopsis DCl3 (Xie et aI., 2004). Further 

RNA silenCing pathways have recently been discovered in plants. A 22 bp siRNA was 

found to be processed by DCl2 from a naturally occuring Arabidopsis anti-sense 

transcript (i.e. transcripts from two overlapping genes in opposite orientations) 

(Borsani et aI., 2005). This siRNA appears to playa role in salt tolerance. Since 

other overlapping mRNAs are known, siRNAs from such transcripts may be common. 

A new group of 21 bp transacting (tasi)RNAs, processed by DCl4 from genomic loci, 

have recently been identified in Arabidopsis. These may have a role in modulating 

the adult to juvenile transition or auxin responses (Vasquez et aI., 2004; Peragine et 

aI., 2004). 

The two aspects of RNA silenCing of most relevance to this study are its role in plant

microbe interactions, and in the use of RNA silencing as a gene knockout tool. In 

addition to protecting the genome against transposon replication, RNA silenCing has 

a critical role in defence against viruses (Waterhouse et aI., 2001; Wang and 

Metzlaff, 2005). RNA silencing mutants are more susceptible to viral replication 

(Mourrain et aI., 2000) and several viruses have specific defences against host RNA 

silenCing (Voinnet et al., 2000). Arabidopsis DCl4 produces 21 bp siRNAs that guide 

viral defence, while DCl2 has a secondary antiviral role (Deleris et aI., 2006). The 

role of RNA silencing in interactions with other micro-organisms is a matter of much 

current interest (e.g. Fritz et aI., 2006). An Arabidopsis miRNA that is induced by 

Pseudomonas syringae infection has been idenitifed (Navarro et aI., 2006). This 

miRNA plays a role in downregulating host genes involved in plant susceptibility. The 

complex involvement of RNA silencing in the interaction between plants and the 

crown gall-causing Agrobacterium tumefaciens has also been confirmed (Dunoyer et 



ai., 2006). Unlike most pathogens, Agrobacterium exports a discrete DNA/protein 

complex (T-DNA) into plant cells. In an apparent defence against this infection, 

plants produce 21 bp siRNAs corresponding to some of these Agrobacterium genes 

(Dunoyer et ai., 2006). These include the iaaM oncogene that is essential for 

successful cell transformation. On the other side of the coin, successful 

Agrobacterium infection requires manipulation of the endogenous plant miRNA 

pathways. Hosts with defective miRNA pathways were essentially immune to 

infection (Dunoyer et ai., 2006). 
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The early studies of RNAi in C. elegans showed that dsRNA could be a tool for gene 

knockdown (Fire et ai., 1998). RNA silencing was induced simply by bathing 

nematodes in dsRNAs (Tabara et ai., 1998), and is now routinely applied to genome 

wide studies of C. elegansbiology (e.g. Kamath eta!., 2003; Kim etai., 2005). RNA 

silencing is also widely used as a research tool for genetics in Drosophila 52 cells 

(Boutros et aI., 2004) and Trypanosoma brucei(Motyka and Englund, 2004). In C. 

elegans and Drosophila, RNA silencing could be induced by microinjection of RNAs. 

Lacking such a technique for plants, Chuang and Meyerowitz (2000) showed that 

when transgenes in inverted repeat (IR) format were introduced into cells, 

transcription led to efficient gene silencing. Addition of an intron to the IRs produced 

even more effective induction, and these hairpin format (hp)RNAs have become the 

basis for RNA silencing in plants (Smith et ai., 2000). Via virus-based vectors and 
, 

Agrobacterium infiltration, hpRNAs are widely used for transient RNA silencing in 

tobacco and tomato (Bendahmane et ai., 2000; Liu et ai., 2002; Lu et ai., 2003). In 

Arabidopsis, stable transformation with transgenes carrying hpRNAs is the current 

method of choice for RNA silencing (Wesley et ai., 2001). Vectors for the assembly 

and constitutive expression of hpRNAs are available (e.g. Helliwell et ai., 2002). 

Induction of gene knockdown by these methods is sufficiently simple that large scale, 

genome-wide knockdowns of Arabidopsisgenes have been generated (e.g. 

AGRIKOLA http://www.agrikola.orgl). 

Beyond model organisms, the presence and distribution of RNA silencing mechanisms 

is unknown, especially in the less studied groups of single-celled eukaryotes.. 

Conserved components of the RNA silencing machinery like Dicer proteins, have been 

found in all major groups of eukaryotes for which whole genome sequences are 

available (Cerutti and Casas-Mollano, 2006). However, RNA silencing appears to be 
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absent from many organisms, and has frequently been lost from closely related . 

lineages. For example, while RNA silencing is routinely used as a tool in 

Trypanosoma bruce~ the RNA silencing machinery is absent from Trypanosoma cruzi 

(Motyka and Englund, 2004). 

An important consideration in this study is the ability of RNA silencing to spread from 

cell to cell, or across cell membranes. In C elegansthe transmembrane protein 

SID1 is responsible for movement of dsRNA into cells (Winston et aI., 2002; Feinberg 

a,nd Hunter, 2003). However, sid-J appears to have a limited phylogenetic 

distibution; currently, BLAST (Altschul et aI., 1997) queries of GenBank with the C 

elegans sid-J sequence shows that sid-J homologues are present mostly in 

vertebrates .. sid-J genes have been detected in some insects, together with direct 

evidence for systemic silencing spread in the beetle Tribolium castaneum and the 

grasshopper Schistocerca americana (Bucher et aI., 2002; Dong and Friederich, 

2005). 

Non-SID1 mediated systemic silenCing spread has been found in other organisms. 

RNA silenCing spreads over considerable distances in plants by transfer of siRNAs 

through plasmodesmata and phloem (Hamilton et aI., 2002; Palauqui et aI., 1997; 

Voinnet et aI., 1998). Shorter range spread, involving an RNA dependent RNA 

polymerase, occurs through short iterative RNA silenCing cycles into a nearly 

constant number of neighbouring cells (Himber et aI., 2003). 

Two recent studies are perhaps of the most relevance to inducing RNA silencing in P. 

brassicae by external siRNA application. These have shown gene inactivation 

stimulated by external application of siRNA duplexes in Entamoeba histolytica 

(Vayssie et aI., 2004) and Acanthamoeba (Lorenzo-Morales et aI., 2005). No 

molecular details of the silenCing mechanisms in amoeba are yet available. 

Plant defence by RNA silencing 

Following from the natural role of RNA silencing in defence against viral replication, 

an early application of RNA silencing was in protecting plants against viruses. By 

utilising IRs corresponding to virus sequences, a number of research groups have 
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created transgenic plants resistant to infection by specific viruses (e.g. Wang et aI., 

2000; Di Nicola-Negri et aI., 2005). An obvious question arising from this method of 

plant-protection was, might RNA silencing help defend plants against other 

pathogens? This idea has found some empirical support in tomato plants expressing 

hpRNAs directed at Agrobacterium tumefacienstumour-forming genes. These plants 

were resistant to gall formation although the bacteria were still able to replicate in 

the plants (Escobar et aI., 2001; Escobar et aI., 2003). However, since 

Agrobacterium genes required for successful infection are directly exposed to the 

plant RNA silencing machinery, this infection is conceptually more similar to that of 

viruses than of pathogens that require passage of RNA silencing across the cell 

membrane. 

No examples of an in p/anta RNA silencing signal spreading across a eukaryotic 

pathogen membrane, have yet been published. Evidence for this event is being most 

actively pursued in studies of phytopathogenic nematodes. In C e/egans, RNA 

silencing can be induced not only by soaking in dsRNA, but also by ingestion of 

bacteria engineered to transcribe dsRNAs (Timmons et aI., 2001). It can also be 

induced by feeding nematodes on material from plants that have transcribed 

appropriate dsRNA (Boutla et aI., 2002). Building on these C e/egansstudies, 

several research groups have now utilised RNA silencing techniques to knockdown 

gene expression in plant parasitic nematodes (Chen et aI., 2005; Rosso et aI., 2005; 

Urwin et aI., 2002). RNA silencing was not induced by external siRNA; instead, it 

was necessary to induce the juvenile nematodes to feed on siRNA material, by the 

use of a neurotransmitter (Urwin et aI., 2002). No evidence for nematode gene 

silencing by in p/anta expressed dsRNA has yet been published, but this is one of the 

expressed aims of the research (Bakhetia et aI., 2005). 

Beyond nematodes, there have been no publications on in p/anta RNA silencing 

versus other eukaryotes. In unpublished research, transgenic plants expressing 

hairpins targeted at mycotoxin genes of Aspergillus fungi species are being created in 

the laboratory of Nancy Keller (http://www.plantpath.wisc.edu/fac/npk.htm) (8th 

International Mycological Congress, Cairns 2006). 
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RNA silencing versus P. brassicae 

Although no clues as to the presence of RNA silencing in the plasmodiophorids were 

available, P. brassicae had a number of features that made it appear an attractive 

candidate for testing plant-derived RNA silencing. Firstly, because P. brassicae is an 

intracellular biotroph, the pathogen would be fully exposed to plant-transcribed RNAs 

during infection. The exchange of compounds between P. brassicae and its host is 

not understood, but the envelope surrounding actively dividing P. brassicae 

plasmodia has been partly characterised as a simple structure of two closely 

appressed tri-Iayered membranes (Williams and McNabola, 1970). As P. brassicae 

had been observed to engulf host organelles and cytoplasm (Buczacki, 1983), 

phagotrophic ingestion might be another possible route to siRNA uptake. Lastly, as 

P. brassicae infects Arabidopsis, the advantages of well established RNA silencing 

techniques, a complete host genome sequence, easy transformation and fast 

generation time were all available in the host plant. For these reasons, we set out to 

apply in p/anta RNA silencing versus P. brassicae. 

Molecular biology of P. brassicae 

To examine the effect of in p/anta hpRNAs, we aimed to test a number of gene 

targets from P. brassicae. However, studies of P. brassicae genomics were virtually 

non-existant. Even sequencing of plasmodiophorid genes for phylogenetics had only 

just begun, meaning the taxonomic position of the group remained in doubt. 

Historically, the plasmodiophorids were classified with fungi, but, with ribosomal RNA 

sequence-based phylogenies, the plasmodiophorids were found to be more closely 

allied to a diverse assemblage of protists in the Cercozoa (Cavalier-Smith and Chao, 

1997; Bulman et aI., 2001; Cavalier-Smith and Chao, 2003). Further evidence for a 

close relationship between the plasmodiophorids and cercozoans came with 

confirmation that they shared a unique polyubiquitin amino acid insertion (Archibald 

and Keeling, 2004). The Cercozoa has since been subsumed into the newest 

eukaryotic supergroup, the Rhizaria (Bass et aI., 2005; Nikolaev et aI., 2004). 

Despite the Rhizaria including a highly diverse group of protiSts (Fig. 4) including 

chlorarachniophytes, formanifera and radiolarians, very little is known about the 

molecular biology of any organism in the group (Ad I et aI., 2005; Keeling et aI., 
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2005). The only available rhizarian genomic information has been provided by 

""3500 EST sequences from the chlorarachniophyte Bige/owie//a natans (Rogers et 

aI., 2004; Archibald et aI., 2003) and ""1600 EST sequences from the formaniferan 

Reticu/omyxa fi/osa (Burki and Pawlowski, 2006). The very recent announcement of 

a genome project for B. natans will be the first of it's kind from a rhizarian 

(http://www.jqi.doe.qov/seguencinq/cspsegplans2007.html). At this time, there is 

little opportunity to draw on genomic information from closely related organisms to 

the plasmodiophorids. 

Alveolates 

DIatoms 
Raphldlophytes _--:;;:;;:::;...-'2' 

Eustlgmatophytes 
Chrysophyte. 

Phaeophytes 
801kJophytel 

Bl6stocy.tls 
Actlnophrylds 

Stramenopiles LabyrlnthuUcl$ 

Chromalveolates 

Thrauslrochytr1ds 
Oomycele. 

OpaI'nids 
Bicosoecids 

Haptophytes 

Cryptomonads 

Discicristates 
Heterolobosea 

Excavates 

Kinetopla,dds 
Dlplonemlds 

Euglenlds 
Core jakoblds 

Trlmastlx 
Oxymonads 

Trlchomonads 
Hypermastlgotes 
Csrpedlemons5 

Retortamonads 
Diplomonads 
Ualawlmonacls 

Cercomonadl 

Cercozoa 
Eugtyphlda Pbaeod.,.. 
HeleromlUda 
Thaumatomonads 
Chlor.rachnlophyteS 
Phytomyxlda 
Haplosportdla 
Foraminifera 
Polycystlnes 
Acanlharla Rhlzarla 

Ascomycetes 
Basidiomycetes 

Zygomycetes 
Mlcrosporldla 

Chytrid8 
Nucfeailds 

Animals 

CIloenoftltgel.... Opisthokonts 
c.psuportJ 

Ic:hthyosporea 

Dlctyoatellds 
Myxogaatrlda 

Proto .... 1ds 
Lobo ... 

Archamoebae 
Amoebozoa 'Untkontst 

Figure 4. The major groups of eukaryotes. Diagram shows the diversity of known 

eukaryotes and the 5-6 suprgroups that the eukaryotes are currently thought to fall into. The 

plasmodiophorids can be found within the Phytomyxids, in the Rhizaria supergroup (blue). 

From Keeling et ai, (2005). 
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At the start of this study, the only DNA sequences available from plasmodiophorids 

were a short (1V1S0bp) DNA sequence from the P. brassicaetrehalose-6-phosphate 

synthase (TPS) gene (Brodmann et aI., 2002) and less than 10 other cDNA 

sequences deposited in GenBank. However, the latter sequences were far from 

characterised. Thus, gene sequences that might be suitable targets for RNA 

silencing were unavailable, meaning that the first step necessary in our study was to 

identify genes from P. brassicae. 

Choice of cDNA cloning strategy in P. brassicae 

To create multiple hpRNA, we needed to identify a range of new P. brassicae gene 

sequences. In most organisms, this could be achieved by the relatively 

straightforward process of cloning and sequencing random ESTs. However, this 

simple approach was not possible in P. brassicae because techniques for 

experimentation on this organism lag some way behind those for other plant 

pathogens. A brief description of the status of P. brassicae experimental 

manipulation will facilitate an understanding of our research approach. 

As with most biotrophic pathogens, no protocols exist for axenic culture of 

plasmodiophorids. Procedures for the gnotobiotiC culture of P. brassicae in plant 

callus tissue were first published several decades ago (Ingram, 1969; Tommerup and 

Ingram 1971; Williams et aI., 1969) and have recently been re-established (Asano 

and Kageyama, 2006; J. Candy unpublished data). However, these methods have 

yet to be widely adopted for use in laboratory experiments, primarily because they 

do not replicate the complete infection cycle of P. brassicae. Instead, host plants are 

typically infected by flooding soil with solutions of P. brassicae resting spores that 

have been prepared from rotted club root galls. Overall, the primary methods for 

manipulating P. brassicae infection remain soil-based and have progressed little from 

those summarised by Buczacki (1983). 

Significant consideration was given to finding the best developmental stage and 

experimental set-up for P. brassicae gene identification. P. brassicae resting spore 

mixtures, which are the most concentrated source of P. brassicae material, were 

presumed to be relatively metabolically inert and thus a poor source of RNA. In 

preliminary research, we were unable to obtain significant amounts of RNA from 
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these mixtures. Methods for germinating spores are neither rapid, nor allow for 

concerted production of zoospores (e.g. Williams et aI., 1970). Since even 

differential centrifugation protocols yield spore preparations that retain some 

microbial contamination, this germination of zoospores is accompanied by a growth 

of contaminating microbes. Collectively, there were no means to obtain pure 

samples of P. brassicae. 

After considering all of these factors, it was concluded that the most favourable 

lifecycle stage for identifying P. brassicae genes was during secondary plant 

infection. At this time, a significant amount of infected but otherwise healthy gall 

material can be collected, allowing the preparation of RNA samples consisting almost 

entirely of either plant or P. brassicae transcripts. Discerning P. brassicae mRNAs 

from a mixture of plant mRNAs would be easier than from the mixed microbial RNAs 

that might derive from spore preparations. Moreover, identifying P. brassicae RNAs 

transcribed in the plant would offer the opportunity to find genes involved in the 

plant-pathogen interaction. Another step in designing our experiments was to 

choose Arabidopsis as a host, since the fully sequenced and annotated Arabidopsis 

genome should render host cDNAs easily identifiable by BLASTN (Altschul et aI., 

1997). 

A problem that remained with the use of plant galls as a source of RNA, was the 

likelihood that P. brassicae transcripts would be heavily outnumbered by plant 

transcripts. Cross sections of club root galls suggest that up to 50% of cells can be 

infected (Kobelt et aI., 2000; J. Siemens pers. comm.), but an infected Arabidopsis 

root sample will also contain a significant amount of non-gall material. Moreover, in 

prior unpublished research, we found only one putative plasmodiophorid (from S. 

subterranea) gene among several cDNA-AFLP clones from Plasmodiophora and S. 

subterranea galls. Similar difficulties in obtaining P. brassicae cDNAs from club root 

galls were noted by another researcher (J. Siemens pers. comm.). To reduce the 

number of host cDNAs sequenced, we chose suppression subtractive hybridisation 

(SSH), a strategy for identifying differentially expressed transcripts between two RNA 

samples. The SSH technique has been used by other research groups to identify 

genes from eukaryotic plant pathogens transcribed during plant infection (Bittner

Eddy et aI., 2003; Thara et aI., 2003). 



To augment the SSH gene identification approach, we also aimed to obtain full

length sequences from the P. brassicaeTPS gene and actin genes (the latter 

published shortly after the beginning of this work). 

Overall strategy 

In summary, to test the effect of in p/anta generated RNA silencing signals on P. 

brassicae infection, we aimed to; 

1) Identify gene sequences from P. brassicae. 

2) Select genes likely to be essential for P. brassicae growth. 

3) Construct a hpRNA format DNA vector containing P. brassicae gene sequences, 

and transform these into Arabidopsis. 

4) Infect the Arabidopsis plants and measure transcription of the genes in P. 

brassicae. 

14 
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CHAPTER 2. Identification of genes from 

the obligate intracellular plant pathogen, 

Plasmodiophora brassicae 

Abstract 

Plasmodiophora brassicae is an intracellular pathogen that infects plants in the 

Brassicaceae family. Although an important pathogen group, information on the 

genomic makeup of the plasmodiophorids is almost completely lacking. We 

performed suppression subtractive hybridisation between RNA from P. brassicae

infected and uninfected Arabidopsistissue, screening 232 clones from the resulting 

SSH library. In addition, we used an oligo-capping procedure to screen 305 full

length cDNA clones from the infected tissue. A total of 76 new P. brassicae gene 

sequences were located, the majority of which were extended to full-length at the 5' 

end by the use of RACE amplification. Many of the unisequences were predicted to 

contain signal peptides for ER translocation. Although we located few sequences in 

total, these markedly increase available data from the plasmodiophorids, and provide 

new opportunities to examine plasmodiophorid biology. Our study also points 

towards the best methods for future plasmodiophorid gene discovery. 

Introduction 

The Plasmodiophorida is an enigmatic protistan order containing several 

economically significant plant pathogens. Plasmodiophorids cause potato powdery 

scab disease, characterised by unsightly lesions on tubers and vigour-reducing root 

galls (Spongospora subterranea), water-cress crooked root disease (Spongospora 

nasturtil), and club root disease of Brassicaceae plants (Plasmodiophora brassicae) 

(Braselton, 1995; 2001). Spongospora and Po/ymyxa species also serve as vectors 

for many plant viruses including barley yellow mosaic virus, potato mop top virus and 



beet soilborne mosaic virus (Rochon et a!., 2004). These diseases are serious 

problems for crop growers worldwide. 
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Despite their agricultural importance, the plasmodiophorids remain poorly 

understood, especially at the molecular level. Plasmodiophorid transformation 

techniques do not exist, no species are cultured axenically, and growth with plant 

hosts in vitro remains difficult to establish (Ingram, 1969; Tommerup and Ingram, 

1971). The protein-coding sequences currently known from plasmodiophorids are 

limited to the actin and ubiquitin genes (Archibald and Keeling, 2004) and partial 

sequences from three other genes (Graf et a!., 2004; Brodmann et a!., 2002). 

Phylogenetic analysis of the former sequences and small subunit ribosomal RNA 

sequences (Archibald and Keeling, 2004, Cavalier-Smith and Chao, 1997; Bulman et 

a!., 2001) showed that the Plasmodiophorida are not related to true fungi but to a 

grouping of diverse protozoans in the eukaryotic supergoup, the Rhizaria (e.g. 

Cavalier-Smith and Chao, 2003; Nikolaev et a!., 2004). Although random sequencing 

of expressed sequence tags (EST) has provided a method to rapidly identify genes in 

diverse organisms, only a single EST collection has been made from an organism in 

the Rhizaria, the amoeboflagellate alga 8ige/owie//a natans (Rogers et a!., 2004; 

Archibald et a!., 2003). 

As our first step to understanding the molecular biology of plasmodiophorid species, 

we aimed to identify genes from P. brassicae. Since P. brassicae resting spores -

the principal life stage occurring outside the plant - yield little RNA (SRB 

unpublished), the plant infection period is the most tractable plasmodiophorid growth 

stage. Following primary P. brassicae infection in plant root hairs and epidermal 

cells, secondary infection of the root cortex and stele stimulates formation of 

distinctive hypertrophic galls. To allow easy identification of host sequences, we 

searched for P. brassicae genes from Arabidopsis gall tissue and, expecting that 

there would be more plant genes than P. brassicae genes, we initially used the 

suppression subtractive hybridisation (SSH; Diatchenko et a!., 1996) technique to 

reduce the number of plant genes to be sequenced from the mixed plant-pathogen 

sample (e.g. Thara eta!., 2003; Bittner-Eddy eta!., 2003). 
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Materials and methods 

Plant growth and RNA preparation 

The P. brassicae isolate used in this research was obtained from Christchurch, New 

Zealand (Falloon et aI., 1997). To produce inoculant, B. rapa ssp. pekinensis cv 

Wong Bok plants were infected with the isolate, and fresh club material was collected 

from the plants at maturity. Clubs were allowed to rot at 4°C for one week prior to 

maceration (Ultra Turrax; Janke & Kunkel/IKA-WERK) and filtration through 

cheesecloth. Spores were collected by centrifugation at 4000g, resuspended in H20, 

and stored at -20°C. 

Fourteen day old A. tha/iana Columbia seedlings were inoculated with spore 

suspension (tv 1x106 spore/mL), and grown under glasshouse conditions for a further 

30 days. Root masses were collected from tv50 plants showing visible signs of 

secondary infection. Roots were extensively washed in tap water and then inspected 

with a dissecting microscope to ensure the absence of necrosis and to trim away fine 

roots tangled with potting-mix. The final samples included clubbed hypocotyl and 

root material as well as some secondary roots that did not have obvious infection. 

To avoid problems with potting mix tangling in fine roots, uninfected Arabidopsis 

were grown on 112 MS agar media. Four g of material, consisting of the entire root 

mass and hypocotyl from each specimen, was harvested from these plants. 

Total RNA was extracted with Trizol reagent (Invitrogen). To reduce RNA from 

surface microbes, infected club material was first soaked for tv20 min in Trizol, then 

immediately homogenised in 10 mL fresh reagent with an Ultra Turrax. DNA was 

removed from the RNA preparations by digestion with DNAse1 (Roche). Poly

adenylated messenger RNA was selected from total RNA samples using the Poly-A 

Tract Kit (Promega). 

SSH eDNA preparation 

Suppression subtraction hybridisation was performed with the PCR-Select cDNA 

Subtraction Kit (Clontech). To select for P. brassicae sequences, subtraction was 

performed in a single direction with cDNA from infected galls as tester and cDNA 

from the roots of uninfected agar-grown Arabidopsis as driver. Only minor changes 
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in gene expression profiles between soil-grown and agar-grown Arabidopsiswere 

found by Schmid et al. (2005). PCR fragments generated from SSH were cloned into 

the pGEM-T vector. 

Full-length eDNA preparation 

Oligo-capped (OC), full-length cDNAs were prepared using the GeneRacer Kit 

(Invitrogen). Approximately two ug total RNA plus 50 ng poly-A RNA (the same RNA 

as for the SSH) from infected tissue was used as starting material. RNA 

oligonucleotides were ligated to the 5' end of RNAs (Maruyama and Sugano, 1994; 

Suzuki et aI., 1997) and cDNA template was generated by reverse-transcription from 

an oligo-dT primer. The cDNA template was PCR amplified for 19-24 cycles using 

Accuprime High Fidelity Taq (Invitrogen), with nested PCR primers (Appendix 1 Table 

2) modified to include a Notl site in the 5' primer (GR5NNot) and a BamHI site in the 

3' primer (GR3NBamHI). Extension times during the PCR were for 4 min. To select 

larger transcripts, PCR fragments were separated by agarose gel electrophoresis, and 

DNA fragments > 800 bp were purified using the QIAquick Gel Extraction Kit 

(Qiagen). PCR fragments were cloned into pGEM-T, or restriction digested and 

directionally ligated into pBluescript. Colonies were screened with PCR primers 

located in the vector sequences flanking the inserts, and positive products were 

sequenced from the 5' end. 

PCRand RACE 

To avoid sequencing redundant clones as the project progressed, we identified some 

common P. brassicae clones by gene-specific PCR. The clones that were PCR

detected were PbsHSPl (SSH and OC), PbsHSP2 (OC), and PbSUNKl (OC) (primer 

sequences in Appendix 1 Table 2). 

3' RACE and 5'RACE reactions were performed with Accuprime High Fidelity Taq and 

a gene-specific primer paired with the appropriate 5' or 3' GR nested primer. The 

template used for RACE amplifications was a 1/50 dilution of the 

GR5NNot/GR3NBamHI PCR products used for cDNA cloning. RACE amplification 

products were gel purified and directly sequenced. 

PCR primers for ten randomly selected genes (Table 1) were sent to another 

laboratory in Germany. The primers were used in amplification reactions with DNA 

prepared from DNAse treated spores of a German P. brassicae isolate as template 

(Klewer et aI., 2001). 
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Bioinformatic examination 

DNA sequences were manually checked for quality and incorrect base calls, then 

trimmed of vector sequences, using Sequencher (Gene Codes). Host plant ESTs 

were identified by BLASTN (Altschul et aI., 1997); tv100% nucleotide similarity to 

Arabidopsissequences was used as a criteria. Overlapping cDNA sequences were 

identified by using CAP3 with default settings (Huang and Madan, 1999). Contigs 

were assembled from the original ABI sequence trace files with Sequencher. SSH 

unisequences were queried against GenBank using BLASTX, both with and without a 

low complexity filter. From each full-length P. brassicae sequence, the ORF following 

the ATG initiation codon was translated to amino-acids and then compared to the 

GenBank non-redundant database with BLASTP. Amino-acid sequences were 

examined for conserved protein motifs and putative transmembrane domains using 

the InterProScan tool (http://www.ebLac.uk/InterProScan/ Quevillon et aI., 2005). 

The best Evalues <10-4, and the organism from which these sequences came, were 

recorded (Table 1). Putative functions or gene features based on matches to 

conserved protein motifs were recorded. N-terminal signal peptides were identified 

from amino acid sequences with the SignalP 3.0 programme 

(http://www.cbs.dtu.dk/services/SignaIP/ Bendtsen et aI., 2004) and iPSORT 

(http://hc.ims.u-tokyo.ac.jp/iPSORT/ Bannai et aI., 2002). 

Results 

SSH sequences 

Of 232 randomly chosen clones screened from the SSH library, DNA sequence was 

obtained from 160 clones ranging in size from 140 bp to 550 bp. The SSH 

sequences were highly redundant, with 17 copies of the PbsHSP1 clone sequenced 

and a further 72 PbsHSP1 clones identified by PCR prior to sequencing (i.e. 89 of the 

232 SSH clones in total). Thirty one clones were easily identified as being from 

Arabidopsisby BLASTN (Appendix 1 Table 1). Four SSH sequences matched the P. 

brassicae 185 ribosomal rRNA gene (Castlebury and Domier, 1998) and another four 

were from the 285 ribosomal rRNA gene. After assembly of the SSH sequences with 

CAP3 (Huang and Madan, 1999), a total of 48 non-rRNA P. brassicae unisequences 

were identified from the SSH collection (Table 1). 
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Full-length cDNA sequences 

To obtain DNA sequence beyond the short SSH fragments, an oligo-capped (OC) 

pool of cDNAs was created from the P. brassicae-Arabidopsis RNA sample. Prior to 

completing RACE amplifications, the integrity of this template was tested by cloning 

and sequencing a small number of OC cDNAs. As a higher percentage of P. 

brassicae cDNAs than expected was found, we eventually screened a total of 305 OC 

clones. DNA sequences were obtained from 223 of the clones with inserts that 

ranged in size between tV 300 bp and 1.7 kb. The P. brassicae OC cDNAs were 

highly redundant, with numerous copies of three genes, PbsHPS1, PbsHSP2 and 

PbSUNK1, identified by PCR prior to sequencing. Of the 305 OC clones screened, 

123 were from these three genes (Table 1), and 103 were from Arabidopsis 

(Appendix 1 Table 1). Assembly of the OC sequences gave a total of 44 

unisequences (Table 1). There was si9nificant overlap of genes identified by the two 

methods; ten of the 48 SSH unisequences fell within the longer sequences from the 

OC cDNA collection. 

RACE 

Of 21 SSH sequences extended by oligo-capped RACE, full-length gene sequences 

were obtained for all but two (Table 1). A full-length sequence for the tV2.7 kb in 

size PLRSA gene was retrieved, confirming that cDNAs longer than 2 kb remained in 

the amplified OC pool, but the abundance of short products hampered our ability to 

access them. Assembly of the RACE sequences together with the OC and SSH 

unisequences showed that some SSH clones fell within the unsequenced 3' end of 

OC cDNAs while several non-overlapping SSH clones were derived from the same 

gene. For example, four SSH unisequences, comprised of 13 clones, proved to be 

from the PbSUR2 gene. 

Primers for 10 randomly selected genes (Table 1) applied to genomic DNA from a 

German P. brassicae isolate, gave PCR products of the expected size (data not 

shown). 

Bioinformatic comparisons 

In all, we collected 76 P. brassicae unisequences that were subsequently examined 

for possible gene function. Amino-acid translations and BLASTP comparisons to the 
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GenBank non-redundant database showed that 60 of the sequences had matches 

with Fvalues less than an arbitrarily chosen 10e-04 (Table 1). Searching via 

InterProScan identified conserved CDC26-like (PD739011), TLC (IPR006634) and von 

Willebrand factor (IPR002035) protein motifs in three further P. brassicae sequences 

(Table 1). 

Nucleotide comparisons showed that partial cDNA sequences matching the ribosomal 

517, cyclophilin A and polyubiquitin (Graf et aI., 2004; Archibald and Keeling, 2004) 

cDNA clones were previously identified from P. brassicaewhile a fifth gene (PtGST2) 

showed greatest similarity to a gene from P. betae (Mutasa-Gottgens et aI., 2000). 

BLASTP matches of the PtGST2 gene to the GenBank non-redundant database were 

consistent with the earlier report that the P. betae GST sequence appeared closely 

related to bacterial GST sequences. However, tBLASTn comparisons to the GenBank 

EST database revealed many higher matches to eukaryotic sequences (highest F 

value = 5e-61 to Mesostigma viride). tBLASTn also gave much higher EST matches 

for the PLSUNK10 gene (highest Fvalue = 5e-24 to Amphidinium carterae), 

emphasising the current paucity of genomic data available for the Rhizaria. 

Amino-acid sequence alignments confirmed that several genes were members of 

families. PbsHSPl and PbsHSP2 shared 45% identity over 101 amino-acids, 

PL:6UNKl and PL:6UNK2 shared 56% identity over 162 amino-acids, and PL:6URl and 

PL:6UR2 had 40% identity over 395 amino-acids. The 5'-UTR of PbUBI1 also had no 

obvious sequence similarity to that from PbUBI2, indicating that the P. brassicae 

ubiquitin cDNA clones were likely from separate genes. 

Given the small overall number of genes, we did not separate the P. brassicae 

sequences into a full range of functional categories (Table 1). However, some 

obvious groupings were apparent; 11 unisequences encoded ribosomal proteins and 

a further 12 encoded proteins with possible roles in abiotic stress response. Five of 

the latter proteins had chaperone or protein folding functions, including the two most 

common sequences for small heat shock proteins, and six had redox or detOXifying 

functions. 

Seventeen (IV 23%) of the P. brassicae unisequences identified here had predicted ER 

translocation signal peptides. A large number of these sequences were without 
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similarity to characterised genes, but the P1:SEC61, PbTLC and PbTPP1 genes were 

similar to, or likely homologues of, characterised genes from other organisms that 

are processed by the cellular secretory system (Osborne et aI., 2005; Voigt et aI., 

1996; Tomkinson, 1999). In addition to the signal peptide-containing sequences, 

five further sequences (Table 1) were predicted to contain mitochondrial localisation 

signals. Similarity to characterised genes again provided supporting evidence that 

three of these proteins (PtcHAP10, P1i..47, PbIDS) were likely to be located in the 

mitochondria. 

Discussion 

No concerted isolation of plasmodiophorid genes has previously been completed. 

Plasmodiophorids cannot be grown axenically and it is difficult to produce resting 

spore preparations that are entirely free of microbial contamination. Consequently, 

confirmation that isolated genes are indeed from a plasmodiophorid is harder than it 

would be for other micro-organisms. We chose to search for P. brassicae genes 

transcribed during secondary plant infection because club root galls provide large 

amounts of otherwise healthy tissue, meaning that almost all cDNAs should be either 

from P. brassicae or the plant host. Use of Arabidopsisthen alloweo simple 

identification of sequences from the plant host, and the probability of amplifying 

prokaryotic sequences was reduced by reverse transcription from a poly-T primer. 

No unusually high BLAST matches to microbial nucleotide sequences were seen, 

suggesting that none of the cDNAs had an obvious contaminant origin. Conversely, 

there was clear evidence for a plasmodiophorid origin for a number of genes. 

Several genes were members of families, while others had previously been identified 

from P. brassicae, or showed high Similarity to a P. betae gene. We were also able 

to amplify DNA fragments matching all 10 selected genes from a DNA sample of a 

German P. brassicae isolate. Although performing confirmatory PCR tests would be 

prudent prior to further research on some P. brassicae genes, we believe the 

combined evidence shows the Arabidopsis club root system to be suitable for larger 

scale isolation of plasmodiophorid genes. Moreover, as this study suggested a higher 

than expected percentage of P. brassicae cDNAs in secondary stage infected 

Arabidopsistissue, future sequencing of random clones from a standard cDNA library 

might be a cost effective means to access new P. brassicae genes. 
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Secondary P. brassicae development promotes plant cell enlargement and tissue 

disorganisation, plus substantial changes in phytohormone expression (Devos et aI., 

2005). It appears inevitable that P. brassicae-like many other phytopathogens

secretes proteins into the host cell to effect this modification of cell structure. Of the 

P. brassicae sequences with signal peptides, two matched functionally characterised 

genes that provided clues of possible roles in pathogenicity. The first gene, PLPPIl, 

contained an FKBP family peptidyl prolyl cis-trans isomerase domain. Surface 

exposed or secreted PPlase domain-containing proteins have been found in several 

intracellular pathogens, including Legione//a, Trypanosoma cruziand Theileria 

annulata (Engleberg et aI., 1989; Moro et aI., 1995; Pain et aI., 2005). The second 

gene, PLPDAl contained a 'NodB-type' chitooligosaccharide deacetylase domain 

(Davies et aI., 2005). This family includes members known to deacetylate an 

increasing number of substrates, including xylan and chitin. Historical explanations 

(Braselton, 2001) for secondary penetration of cortical cells by P. brassicae, by re

encystment or passive redistribution, have appeared unsatisfactory. More recently, 

ultrastructural evidence has been presented for cell to cell movement by a 

myxamoeboidstage in both P. brassicae and S. nasturtii (Mithen and MacGrath, 

1992; Claxton et aI., 1996). Since this myxamoeboid movement presumably requires 

the action of plant cell-wall modifying enzymes, confirmation of xylan deacetylation 

by PLPDA would strengthen the case for between-cell penetration by 

plasmodiophorids. 

A number of effector/avirulence molecules from phytopathogenic eukaryotes are 

short, cysteine rich proteins (see Skamnioti and Ridout, 2005). Eight P. brassicae 

genes with signal peptides and no similarity to characterised genes were predicted to 

be shorter than 171 aa. Cysteines were most common in PL:6UNK4 with 9 residues, 

followed by PL:6UNKl and PL:6UNK2 containing 6 and 5 residues each. These and 

several of the other proteins predicted to be secreted by P. brassicae appeal as 

candidates for further investigation as virulence molecules. However, because 

plasmodiophorids continue to resist routine manipulation in the laboratory, finding 

functions for these genes will remain highly challenging. 
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Name Accession SSH OC Length Protein information E- Organism 

value 

Ribosomal Proteins (11) 

PL114e AM180191 2 470 Ll4e ribosomal 1e-30 Pan troglodytes 

PL110 AM180192 1 850 LlO ribosomal 2e-66 Rana sylvatica 

Pt617e AM180193 1 490 S17e ribosomal 8e-38 P. brassicae 

Pt629 AM180194 2 300 S29 ribosomal mt 5e-06 Pan troglodytes 

PL128e AM180225 1 RACE 540 L28e ribosomal 3e-ll Suberites domuncula 

Pt627e AM180195 1 280 S27e ribosomal 4e-22 Pan troglodytes 

PL124e AM180196 1 580 L24e ribosomal 4e-15 Prunus avium 

PL147 AM180197 1 540 Mt 39-S ribosomal 2e-16 Apis mellitera 

protein L47 mt 

PL129 AM 177644 1 L29 ribosomal 2e-13 Oryza sativa 

PL1lOe AM 177645 5 190 LlOe ribosomal 2e-12 Pectinaria gouldii 

Pt618 AM 177646 1 180 S18 ribosomal 5e-08 Argopecten irradians 

Chaperones or Stress-related (12) 

Pb5HSP1 AM180226 89 71 630 small HSP1 GPCR ge-09 Glycine max 

Pb5HSP2 AM180227 4 33 700 small HSP2 GPCR 5e-08 Lactobacillus johnsonii 

Pb5HSP3 AM180228 1 RACE 550 small HSP3/HSP20 6e-ll Rickettsia felis 

Pl:tlSP70 AM180229 2(2) 1.0 kb HSP70 1e- Phytophthora 

RACE 126 cinnamomi 

PtcHAP10 AM180198 3 440 Mitochondrial 6e-22 Griffithsia japonica 

chaperonin 10 mt 

PtcYCA AM180199 2 620 Cyc\ophilin A 2e-66 Tetraodon nigroviridis 

PbTRX AM180200 1 520 Thloredoxin mt ge-07 Kluyveromyces lactis 

Pl:GRX AM180201 2 470 Glutaredoxin 4e-17 Pongo pygmaeus 

P~RX AM180230 1 RACE 770 Peroxiredoxiri" GPCR 1e-60 Ralstonia 

metallidurans 

PblDS AM180231 1 RACE 1.2 kb Trans-Isoprenyl 1e-30 Quercus robur 

Diphosphate Synthase 

mt 

Pl:GSTl AM180232 13 7 630 GST 1 GPCR 3e-16 Shewanella 

amazonensis 

Pl:GST2 AM180202 1 690 GST2 3e-55 Po/ymyxa betae 
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cDNAs with predicted ER signal peptides (17) 

PLSUNK1 AM180233 10 19 570 Unknown GPCR - -

PLSUNK2 AM180234 3 12 620 Unknown - -

PLSUNK3 AM 180203 3 630 Unknown - -

PLSUNK4 AM180235 3 8 610 Unknown - -

PLSUNK5 AM180236 4 5 540 Unknown - -

PLSUNK6 AM 180204 1 390 Unknown - -

PLSUNK7 AM180205 1 510 Unknown - -

PLSUNK8 AM180206 1 300 Unknown - -

PLSUNK9 AM180237 8 RACE 1 1.1 kb Unknown - -

PLSUR1 AM 180239 4 RACE 2 1.4 kb Unknown GPCR 4e-16 Usti/ago maydis 

PLSUR2 AM180240 13(4) 1.4 kb Unknown GPCR 2e-19 Usti/ago maydis 

RACE 

P~DA1 AM180241 1 RACE 940 Polysaccharide 2e-19 Streptococcus 

deacetylase GPCR aga/actiae 

P~PI1 AM180207 1 700 FKBP PPlase 1e-21 Porphyromonas 

gingiva/is 

PLSec61 AM180242 1 RACE 1.6 kb Sec61 0.0 Cryptosporidium 

parvum 

PbTLC AM180208 1 990 TLC domain 2e-1O Gibberel/a zeae 

(IPR006634) 

PbTPP AM180243 3(2) 1.8 kb Peptidase GPCR 1e-62 Macaca fascicu/aris 

RACE 

PLSUNK10 AM180238 1 RACE 1.0 kb Unknown, vWF domain 1e-05 Neurospora crassa 

(IPR002035) 

"Other" cDNAs (36) 

PLSNAP AM 180244 1 RACE 980 SNAP protein 7e-32 Dictyoste/ium 

discoideum 

PlAAB1 AM 177647 2 220 Rab small GTPase 2e-20 Dictyoste/ium 

discoideum 

PINPS29 AM180209 1 640 Phosphoesterase 5e-56 Tetraodon nigroviridis 

(Vacuolar protein 

sorting 29) 

PMSL AM180245 1 RACE 430 AMP-dependent 1e-ll Gal/us gal/us 

synthetase/ligase 
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PLDGATl AM180210 1 780 Diacylglycerol 6e-18 Arabidopsis thaliana 

acyltransferase 

PIRSA AM 180246 1 RACE 2.7 kb Puromycin sensitive le- Strongylocentrotus 

aminopeptidase GPCR 116 purpuratus 

PtuBI1 AM180211 1 1.7 kb Ubiquitin 1 O.OBN P. brassicae 

PtuBI2 AM180212 1 1.7 kb Ubiquitin 2 O.OBN P. brassicae 

PtuCE2 AM 177648 1 270 Ubiquitin-conjugating 4e-27 Theileria annulata 

enzyme E2 

PreIFl AM180213 1 440 SUI1/eIFl 2e-19 Aspergillus nidulans 

PLttISH4 AM180214 1 430 Histone H4 ge-37 Apis mellifera 

PLCDC26 AM180215 1 320 CDC26-like - -

(PD739011) 

P&lTF2 AM180216 1 520 Nuclear transport 4e-32 Arabidopsis thaliana 

factor 2 

PLSRPl AM 177649 1 100 SRP1, Importin a 2e-05 Anopheles gambiae 

PbRanA AMl77650 1 170 RanA small GTPase 2e-14 Emericella nidulans 

PLCSP AM180247 2 RACE 1 470 Cold shock 4e-15 Oryza sativa 

protein/DNA binding 

PLCOF AM180217 1 620 Cofilin 2e-19 Dicfyostelium 

discoideum 

P~TUB AM180248 2(2) 1.6 kb ~-tubulin 0.0 Tetrahymena 

RACE thermophila 

PtfIM AMl77651 1 350 CH domain; Fimbrin- 3e-24 Arabidopsis thaliana 

like 

PLtv'lOBl AM180218 2 740 MOBl 3e-78 canis familiaris 

PL{]LYT AM180219 1 690 Glycosyltransferase 4e-07 Desulfovibrio 

desulfuricans 

PL{]PA AM 177652 1 230 G protein a subunit 4e-l0 Homo sapiens 

PLNAS AM 177653 1 160 Vacuolar ATP synthase 2e-09 Daniorerio 

PLDEAH AM180220 1 1.0 kb DEAD/DEAH helicase ge-72 Tetraodon nigroviridis 

PbEBP2 AM180221 1 890 rRNA processing 3e-16 Schizosaccharomyces 

protein EBP2 pombe 

PLUM AM180222 1 430 LIM domain protein ge-14 Bostaurus 

Pb1433 AM 177654 1 220 14-3-3 protein 8e-06 Spinacia oleracea 

PLSTPKl AM 177656 1 320 Serine/Threonine 4e-16 Magnaporthe grisea 
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protein kinase 
,t',_ 

Pl6TPK2 AM180249 1 RACE 1.7 kb 5erinefThreonine 3e-06 Homo sapiens 

protein kinase 

Pl6TPK3 AM177655 1 270 5erinefThreonine- 7e-04 Drosophila 

protein kinase melanogaster 

PtuNK4 AM 177657 1 90 Unknown - -

PtuNK3 AM 177658 1 120 Unknown - -

PtuNK2 AM 177659 1 130 Unknown - -

PtuNK1 AM180250 1 RACE 780 Unknown - -

PtuNK5 AM180223 1 490 Unknown - -

PtuNK6 AM180224 1 360 Unknown - -

Table 1. Summary of cDNA clones from P. brassieae. Name = cDNA name. Accession = 
EMBL accession number. SSH or OC columns indicate the cDNA source library and the 

number of clones. Bracketed numbers in the SSH column indicate the number of non

overlapping SSH unisequences for a single gene. Length = size of cDNAs in base pairs, or 

kilo bases where noted. Protein information = gene function information collated from 

BLASTX matches and/or matches to conserved protein domains. Evalue = highest BLASTP 

probability, or BN = highest BLASTN probability, for matches to the GenBank non-redundant 

database. Organism = source organism for highest database match. mt = sequence with 

predicted mitochondrial localisation signal. RACE = EST amplified by RACE. GPCR = ESTs 

amplified from a German P. brassicae field isolate. 
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P/asmodiophora brassicae, a pathogen of Brassicaceae plants, is grouped within the 

eukaryotic supergroup, the Rhizaria. Although a large diversity of protists are found 

in the Rhizaria, genomes of organisms within the group have barely been examined. 

In this study, we identified DNA sequences spanning or flanking 24 P. brassicae 

genes, eventually sequencing close to 44 kb of genomic DNA. Evidence from this 

preliminary genome survey suggested that splicing is an important feature of P. 

brassicae gene expression; the P. brassicae genes were rich in spliceosomal introns 

and two mini-exons of less than 20 bp were identified. Consensus splice sites and 

branch-point sequences in P. brassicae introns were similar to those found in other 

eukaryotes. Examination of the promoter and transcription start sites of genes 

indicated that P. brassicae transcription is likely to begin from initiator elerpents 

rather than TATA-box containing promoters. Where neighbouring genes were 

confirmed, intergenic distances were short, ranging from 44-470 bp, but a number of 

larger DNA fragments containing no obvious genes were also sequenced. 

Introduction 

Molecular phylogenetic studies are continually increasing knowledge of eukaryotic 

evolution and the breadth of microbial diversity. Eukaryotes are currently thought to 

coalesce into five or six supergroups, one of which, the Rhizaria, contains mostly 

amoeboid protists. Prominent protistan groups in the Rhizaria includes the 

radiolarians, Foraminifera and Cercozoa (Keeling et aI., 2005). Despite the Rhizaria 

being circumscribed largely on the basis of recent molecular evidence, very little is 

known about the genomes of these organisms. cDNA sequences have only been 

identified in large numbers from the amoeboflagellate alga 8ige/owie//a natans 

(Archibald et ai., 2003; Rogers et aI., 2004) and the foraminiferan Reticu/omyxa 
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filosa (Burki et aI., 2006). The first genome sequencing project on a rhizarian (B. 

natans) has just begun (http://www.jgi.doe.gov/seguencing/cspsegplans2007.html). 

The Plasmodiophorida is a cercozoan order (Archibald and Keeling 2004; Bass et aI., 

2005; Cavalier-Smith and Chao 1997) of special interest because it contains several 

plant-pathogens of worldwide importance (Braselton 1995; 2001). These include 

Spongospora subterranea, the cause of potato powdery scab disease, and Polymyxa 

species that serve as vectors of many plant viruses (Rochon et aI., 2004). However, 

because plasmodiophorids are obligate intracellular parasites, gene sequences from 

these organisms are only now being identified. The most studied plasmodiophorid is 

Plasmodiophora brassicae, which causes club root disease in Brassicaceae including 

Arabidopsis thaliana (Ludwig-Muller 1999). Reports of genomic structures in P. 

brassicae are largely confined to a few examples of introns in genes. An early study 

showed the presence of self-splicing type I introns in the P. brassicae ribosomal small 

subunit gene (Castlebury and Domier 1998), and a single spliceosomal intron 

sequence was identified in a DNA fragment from the P. brassicae trehalose-6-

phosphate synthase (TPS) gene (Brodmann et aI., 2002). More recently, cDNA and 

genomic DNA sequences of a P. brassicae serine-threonine kinase gene (PbSTKL1) 

were published (Ando et aI., 2006). The presence of multiple introns in PbSTKLl 

was rep~rted, but no information on the structure of these introns was presented. 

We recently identified a collection of cDNA sequences from P. brassicae (Bulman et 

aI., 2006). With an initial aim to gain information about the structure of P. brassicae 

promoters, we set out to isolate sequences adjacent to a selection of these cDNAs. 

During this process, the sequences of many introns were also discovered. Here we 

present the results of this small-scale genome survey from P. brassicae. 

Materials and methods 

Initial peR primer design 

For genome walking, pairs of PCR primers facing into the unknown flanking DNA 

were designed in the 5' and 3' regions of genes, using the Primer3 programme 

(Rozen and Skaletsky 2000). The first primers were designed from the GenBank 

sequences for the P. brassicae actin gene (Archibald and Keeling 2004) and the 



trehalose-6-phosphate synthase (TPS) gene (Brodmann et aI., 2002). The three 

actin sequences (AY452179-81) were 640 bp long and began about 370 bp 

downstream of the ATG start codon. The 217 bp TPS fragment (AF334707) was 

estimated to be 760 bp downstream of the ATG. 
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Further PCR primers were designed in 14 genes (Table 1) from the cDNA libraries 

described in Bulman et al. (2006). Two cDNAs, PbCAL and PbCHAp, were identified 

from the oligo-capped library after publication of the previous sequences (see Table 

1 for details of these two genes). 

PCR walking 

DNA was extracted from A. thaliana Columbia gall tissue infected with P. brassicae, 

using a CTAB method (Russell and Bulman 2005). The genomic DNA sequences that 

bordered P. brassicae genes were amplified from this DNA with Accuprime High 

Fidelity Taq (Invitrogen) using one of two DNA walking techniques. 1. Suppression

PCR walking (Siebert et aI., 1995). Genomic DNA was digested with the Pst-1 

endonuclease and then ligated to a SUP-Pst adaptor (primer and adaptor sequences 

provided in Appendix 2 Table 1). Flanking DNA was PCR amplified with a gene 

specific primer paired with the Sup1a primer. 2. A universal PCR walking technique 

modified from Sarkar et al. (1993). First round PCRs were carried out with genomic 

DNA as template, and each of four degenerate primers (UNU-4) paired with a gene 

specific primer. A second round of four PCRs were performed with the T7 primer 

paired with a nested gene-specific primer. One IJL of each first round PCR reaction 

was used as template. 

Amplified products were separated on 1% agarose gels and DNA fragments purified 

with the QIAquick Gel Extraction Kit (Qiagen). DNA fragments were directly 

sequenced with gene specific primers. Fragments longer than tv 800 bp were cloned 

in pGEM-T (Promega) and sequenced with the M13 forward and reverse primers. 

Longer DNA fragments were obtained by an iterative process of sequencing, design 

of new PCR primers, and renewed PCR-walking. 

RACE and RT -PCR amplification 

Genomic DNA sequences were compared to the GenBank non-redundant or EST 

databases by BLASTX or tBLASTX respectively (Altschul et aI., 1997). In nine cases, 
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translated BLAST yielded hits that suggested the presence of new genes in these 

sequences (all nine Evalues < 1e-08). PCR primers for RACE were designed in 

regions of highest similarity and used to amplify cDNA sequences by 3'RACE and 

5'RACE. RACE reactions were performed on an oligo-capped cDNA template as 

described in Bulman et al. (2006). In a number of cases where 5'RACE products 

were cloned and then sequenced, the sequence of the longest clone was recorded as 

the full-length cDNA. 

Bioinformatics 

DNA contigs were assembled from ABI sequence trace files with Sequencher 

(GeneCodes). cDNA sequences were aligned to genomic DNA sequences using 

Spidey (http://www.ncbLnlm.nih.gov/spideyl) with some manual alignment. 

Putative splice sites were searched for by manually examining intron sequences for 

the 3' most conserved splice site motif CTRAY, as in Kupfer et al. (2004). In introns 

lacking a complete CTRAY, the 3' most motif with only one variant nucleotide was 

recorded. It was assumed that the fourth 8. nucleotide in the splice sites would 

always be invariant. 

As a simple estimate of intron position, the intron-containing genes were divided into 

quarters, and the number of introns in each quarter recorded. 

SEQ LOGOs (Crooks et aI., 2004; Schneider and Stephens 1990) were constructed at 

http://weblogo.berkeley.edu/. P. brassicae promoters were manually examined for 

TATA boxes. The P. brassicae L7a amino acid sequence was aligned to the L7a 

dataset from Russell et al. (2005) using Clustal X (Thompson et aI., 1997). A 

neighbour joining phylogenetic trees was constructed with PAUP*4.0b10 (Swofford 

2002) using default parameters. A maximum likelihood tree was constructed using 

PhyML (Guindon and Gascuel 2003) with the input tree from BIOJ and the WAG 

substitution matrix. 
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Results 

Genomic DNA sequences from actin and TPS 

Genomic DNA sequence stretching 2.2 kb in the 5' direction and 350 bp in the 3' 

direction from the GenBank P. brassicae actin sequences was obtained (see Fig. 1 for 

a diagram of all genomic sequences obtained). This sequence contained the entire 

actin coding region; with PCR primers on either side of this region, we re-amplified 

and directly sequenced this gene (PbACT1). 

During sequencing of P. brassicae actin cDNAs, a clone was found with a 5' UTR 

sequence that did not match that of PbACTI. DNA-walking with primers based on 

this cDNA yielded the sequence of a second P. brassicae actin gene (PbAC71l). 

PbAC71and PbAC71Idiffered by 44 bp across the 1128 bp coding sequences. 

Neither gene sequence exactly matched any of the three actin P. brassicae GenBank 

sequences (Archibald and Keeling 2004). Both PbAC71and PbAC71Ihad greatest 

similarity to the actin 3 sequence (AY452181), matching 711 and 715 of 733 bp 

respectively. 

With PCR primers designed from the short GenBank P. brassicae TPS sequence 

(PbTPS; Brodmann et aI., 2002), a complete 2640 bp PbTPScDNA was amplified by 

RACE. By DNA walking, genomic DNA sequence spanning from 870 bp upstream of 

the PbTPStranscription start site (TSS) to 80 bp from the 3' end of the PbTPScDNA 

was obtained (Fig. 1). 

New genes were identified in flanking DNA 

DNA sequences that flanked a further 12 genes from Bulman et al. (2006) were 

obtained (Table 1A). The new genomic DNA sequences obtained in this study are 

deposited under EMBL accessions AM411663-AM411680. Using RACE and RT-PCR, 

the sequences of seven new cDNAs in these genomic DNA sequences were identified 

(Table 1B). 

In total, about 44 kb of P. brassicae genomic DNA was sequenced (Fig. 1). The 

longest DNA fragment of 6.4 kb contained four closely spaced genes, separated by 

44 bp, 215 bp and 122 bp (Fig. 1). On another genomic DNA fragment, 97 bp 
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separated the 3' end of the PbGTPXcDNA from the TSS of the PbPDA cDNA. The 

maximum distance between confirmed cDNAs was 474 bp (PbURM-PbACTl). Several 

A. P. brassicae gene sequences for primer design 

Name Accession Name Accession Name Accession 

PbACTf'B AY452179-81 PbsHSPl AM180226 PbPDA AM180241 

PbACTlf'B AY452179-81 PbsHSP2 AM180227 PbIDS AM180231 

PbTP~B AF334707 PbSUNKl AM180233 PbHISH4 AM180214 

PbPTUB AM180248 PbSUNK2 AM180234 PbMOB AM180218 

PbCYCA AM180199 PbGSTl AM180232 PbPSA AM 180246 

. B. New P. brassicae gene sequences 

Name Accession Length Protein information Evalue Organism 

PbCAL§ AM411655 520 caltractin-like; IPR011992 (ca2+- 0.001 Naeg/eria gruberi 
binding EF-Hand superfamily). 

PbCHAP AM411658 760 
Cystidine-histeine dependent amino- 2e-35 Rhodospiri/lum rubrum peptidases (CHAP) SP 

PbCALUP AM411654 730 Conserved hypothetical proteins 2e-17 . Canis tamiliaris 

PbPEPS28 AM411657 1470 Serine carboxypeptidase S28 family 4e-74 Arabidopsis thaliana 

PbENDO AM411656 2140 Transmembrane 9 superfamily 0.0 Oryza sativa protein member 4 SP 

PbL7A AM411659 900 Ribosomal L7Ae 3e-58 Theileria annulata 

PbGTPX AM411660 980 GTPase 1e-24 Drosophila me/anogaster 

PbGSTUP AM411661 490 
cd02429; Peptidyl-tRNA hydrolase 5e-20 Daniorerio type 2 (PTH2-like) 

PbURM AM411653 330 ubiquitin-related modifier-1 2e-ll Arabidopsis thaliana 

Table 1. Details of P. brassicae genes. A. P. brassicae genes from Bulman et at. (2006a) 

and from GenBank (GB) that were used for initial peR primer design. B. Information on new 

P. brassicaegenes presented in this study. Name = cDNA name. Accession = EMBL 

accession number. Length = size of cDNAs in base pairs. Protein information = gene 

function information collated from BLAST)( matches and/or matches to conserved protein 

domains. SP = signal peptide predicted by SignalP 3.0 programme (Bendtsen et at., 2004). 

Evalue = highest BLASTP probability for matches to the GenBank non-redundant database. 

Organism = source organism for highest database match. § = cDNAs first identified by 

screening of an oligo-capped library. 
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Figure 1. Diagram of the genomic sequences obtained in this study. Numbers = DNA 

lengths in base pairs. Numbers on the right of each fragment indicate the total length of the 

sequence. The sizes of genes and the positions of introns are drawn approximately to scale. 

* = five genes for which the lengths of the promoter sequences are shown in a single 

diagram. BLAST matches indicate that a histone H3 gene (PbHISH3(7)) is found adjacent to 

the PbHISH4gene. A partial mRNA sequence from this gene was amplifiable by RT-PCR but 

the complete gene was not retrieved by RACE amplification; the uncertainty about this gene 

is denoted by (7). 
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P. brassicae genomic DNA fragments of up to 2.2 kb in length contained no obvious 

genes by BLASTX similarity (Fig. 1). 

Genomic DNA sequence was obtained containing the PbCHAPgene, a likely cysteine, 

histidine-dependent amino-peptidase (CHAP). The CHAP domain is predominantly 

found in bacterial genes, but has also been characterised in trypanosome genes 

(Bateman and Rawlings 2003; Rigden et aI., 2003). A ribosomal L7a gene was found 

upstream of PbCHAP(Fig. 1). Phylogenetic comparisons of the P. brassicae L7a 

amino acid sequence with orthologs from a broad variety of organisms (Russell et aI., 

2005) showed PbL7a to group most closely with a sequence from the chlorarachnion 

8. natans, albeit with low bootstrap support throughout the tree (Appendix 2 Fig. 1). 

Introns were located in P. brassicaegenes 

Genomic DNA that spanned the coding region of several genes was sequenced. 

Alignment of the genomic sequences with the corresponding cDNAs revealed the 

presence of 73 spliceosomal introns in 14 of the P. brassicae genes (see Fig. 1). The 

greatest number of introns (20) was found in the PbPSA gene. By comparison, the 

closely related puromycin-sensitive aminopeptidase gene of humans (NM_006310) 

contains 22 introns. The conserved ribosomal L7a gene from P. brassicae contained 

two introns, at the 115 aa and 250 aa positions relative to the Saccharomyces 

cerevisiae L7a gene. 

The sequences of 14 further introns were extracted from the P. brassicae STKLl 

gene (Ando et aI., 2006), giving a total of 87 P. brassicae introns ranging in size from 

46-103 bp, at an average of 55.7 bp (Appendix 2 Fig. 2). The GC content of the 

introns was 50.2%. All of the introns were bordered by the standard 5' IGT and AGI 

3' nucleotide pairs, except two that were bordered by 5' IGC nucleotides (Fig. 2). 

Searches for conserved splice sites showed that 44 introns contained CTRAY motifs 

(Kupfer et aI., 2004) between 8 and 22 bp (average 13 bp) from the 3' intron end. A 

further 35 introns had CTRA Y motifs with one variant nucleotide, all of which lay 

between 8 and 27 bp (average 13.6 bp) from the 3' end of the intron. Of these 35 

motifs, nine varied at the central nucleotide (CTCAY) whereas the remaining motifs 

had variant nucleotides at either end (NTRAYjCTRAN). Six of the remaining introns 

had CTRAY motifs with two variant nucleotides between 10 and 21 bp from the 3' 

intron end. 
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Ten, 26, 32, and 19 introns were found in each quarter (from 5' to 3') of the intron

containing P. brassicae genes. 

Amongst the P. brassicae exons, we identified two very short exons, or micro-exons, 

of 4 bp (PbMOBexon 4) and 19 bp (PbCARPEPexon 7). 

A 35 52 5 
C 27 14 9 
G 16 5 64 
T 9 16 9 

o 51 28 9 9 14 14 16 19 
2 11 23 13 23 30 26 23 16 

87 0 13 12 49 21 22 18 20 27 
o 85 12 24 16 34 21 29 28 25 

J'l'l-Exon-

i:i)1 T 
A 0 - 1- ~~"3 4 5 ~ 7 8 9 10 11 12 13 

Sequence position 

A 13 
C 20 
G 18 
T 36 

11 13 10 14 12 17 1 
22 23 23 23 23 18 60 
24 21 19 23 19 26 0 
30 30 35 27 33 26 26 

87 0 19 22 20 
o 0 13 20 20 
o 87 45 14 24 
o 0 10 31 23 

~:,l~ ~&:~A _~Exon-
B 0 1 2 3 4 5 6 7 8 9 10 11 12 13 

Sequence position 

Figure 2. Conserved sequences at intron splice sites. A. SEQLOGOs were constructed from 

sequences at the 5' border (A) and 3' border (8) of 87 P. brassicae introns. The intronjexon 

boundaries are indicated. Exact numbers of nucleotides at each positions are shown above 

the SEQLOGOs. 

Promoter and TSS sequences 

The 5'UTR sequences from 65 full length P. brassicae cDNAs, identified here or in 

Bulman et a/. (2006), were assembled. These ranged from 2 bp to 112 bp in size. 

The GC content of the UTRs was 57.6%, compared with 57.4% for the P. brassicae 

cDNAs coding sequences. The GC content of P. brassicae cDNA sequences was 

relatively high and similar to the 57-58% reported for Phytophthora spp. (Qutob et 

a/., 2000). 

All but one of the full-length cDNAs began with an A nucleotide. As indicated by a 

sequence logo plot of the first 10 nucleotides of the UTR sequences, the initial A 

nucleotide was most often followed by T nucleotides in both the +2 and +3 positions 

(Fig. 3). The promoter sequences that were collected from the 24 P. brassicae 
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genes were assembled. A sequence logo of 5 bp on either side of the predicted TSS 

of these genes is shown in Fig. 3. This again showed the ATT sequence at the start 

of transcripts, but also revealed a tendency towards the C nucleotide being present 

at the -1 position. 

Manual examination failed to show the presence of TATA boxes in any of the P. 

brassicae promoter sequences. 

A 64 5 18 7 
C 0 8 6 25 
G 0 13 0 14 
T 1 39 40 18 

~:~~X 
A +1 2 3 4 

A 7 3 2 
C 6 8 6 
G 6 9 11 4 
T 5 4 4 12 

~ :l 
BO 

2 3 4 

7 12 12 21 28 16 
20 7 26 9 12 15 
16 30 12 12 11 16 
21 15 14 20 11 14 

5 6 7 8 9 10 
Sequence position 

0 23 0 6 1 1 
20 0 1 0 10 5 

1 0 6 0 5 7 
3 1 17 18 8 11 

cATI __ 
5 +1 7 8 9 10 

Sequence position 

4 
3 

14 
3 

. 
11 

Figure 3. Conserved TSS sequences. A. A SEQLOGO constructed from the first 10 

nucleotides of 65 full-length P. brassicae cDNAs. B. A SEQLOGO constructed from 5 

nucleotides on either side of the TSS. The first nucleotide of transcripts is marked by + 1. 

Exact numbers of nucleotides at each positions are shown above the SEQLOGOs. 

Discussion 

Because of the obligate nature of plasmodiophorid-plant relationships, it remains 

very difficult to obtain pure P. brassicae DNA or RNA. Many typical techniques of 

molecular biology are made difficult by the need to work with a mixture of host plant 

and plasmodiophorid DNA. Here, PCR-walking techniques were used to obtain P. 

brassicae DNA sequences, thus avoiding the necessity to construct and screen 

genomic DNA libraries. Initially, we used PCR-walking to extend the genomic DNA 

sequences of the actin and TPS P. brassicae genes previously identified by other 

researchers (Archibald and Keeling 2004; Brodmann et aI., 2002). A notable finding 
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from the cloning of the actin sequences, was confirmation that there are multiple 

copies of the P. brassicae actin gene. Five and six actin genes, respectively, are 

found in the genomes of the oomycete Lagenidium giganteum and the unicellular 

alga Emi/iana hux/eyi, so the presence of multiple actin genes in a protist is not 

unusual (Bhattacharya et aI., 1993; Bhattacharya and Stickel 1994). However, the 

multiple actin sequences may also be related to the unusual variability seen in P. 

brassicae field populations. Single-spore lineages taken from P. brassicae field 

isolates display considerable differences in pathogenicity and DNA structure 

(Buczacki et aI., 1975; Manzanares-Dauleux et aI., 2001; Some et aI., 1996). Hence, 

the different actin sequences could be from multiple genes carried within a single P. 

brassicae genome, or they may reflect between-lineage genetic variations. 

Discerning between these possibilities will require further research with single-spore 

isolates. 

An advantage of the oligo-capping cDNA cloning approach is that most sequences 

should be full-length and include the TSSs. In combination with study of previously 

identified cDNAs (Bulman et aI., 2006), examination of the P. brassicae sequences 

suggested that P. brassicae gene transcription begins from initiator element (Inr)-like 

motifs. In eukaryotes, gene transcription is controlled by combinations of DNA 

elements in a core promoter within 200-300 bp of the TSS. These include the well 

characterised TATA box motif, usually found 25-35 bp upstream of the TSS in some 

plant and metazoan genes (Molina and Grotewold 2005; Yang et aI., 2007), and the 

Inr element surrounding the TSS (Smale 1997). Genes from several eukaryotes 

appear to have only Inrs; for example, transcription of Trichomonas genes begins 

from an adenosine within a TCA+1YW site (Quon et aI., 1994), and oomycete genes 

contain the Inr element TCA+1TTYY in the -2 to +5 region around TSSs (McLeod et 

aI., 2004). TATA box elements were not evident in any of the 24 P. brassicae 

promoter sequences. Examination of the P. brassicae genes pOinted to a consensus 

sequence of CA+1TT at the TSS, a sequence that resembles Inr elements from other 

organisms. This is especially so as a number of the full-length cDNA sequences were 

composed of multiple clones ending at different points, suggesting that the longer 

sequence might not end at the true TSS. 

In addition to examining sequences surrounding the start of genes, study of genomic 

DNA sequences revealed the presence of many introns in P. brassicae. The mean 



size of the P. brassicae introns (56 bp) was similar to that seen in several fungi 

species (50-70 bp) (Kupfer et aI., 2004), being considerably shorter than introns 
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seen in most eukaryotes but larger than the near-minimum sized 25 bp introns from 

Paramecium tetraure/ia (Aury et aI., 2006; Keeling and Siamovits 2005). Almost all 

of the introns were bordered by the 5' I GT and 3' AG I nucleotide pairs. The majority 

of spliceosomal introns in other organisms are U2 dependent, and are bordered by 

these almost invariant dinucleotides (see Sharp and Burge 1997). Two of the P. 

brassicae introns had 5' IGC, which is the most common splice site variant in other 

organisms; for example, being detected in 0.08-1.98% of introns in five species of 

fungi (Kupfer et aI., 2004). Beyond the bordering dinucleotides, the consensus splice 

sites of the P. brassicaeintrons - 5' AGIGTANG and 3' YAGI - were similar to those 

from other organisms. The 5' consensus is usually the longer of the two, extending 

to GIGTRWGT in fungi and IGTRNGT in oomycetes, whereas the 3' consensus is 

generally confined to YAGI (Kamoun 2003; Kupfer et aI., 2004; Win et aI., 2006). 

We were also able to distinguish putative branch point motifs at the 3' ends of the 

majority of P. brassicae introns. Such motifs have previously been shown to be 

YNCTRAY in metazoans and RCTRAY in fungi (Berglund et aI., 1997; Kupfer et aI., 

2004). In P. brassicae, 85/87 (98%) of introns contained putative branch point 

motifs within 8-27 bp from the 3' intron end, compared with more than 98% of 

fungal introns with potential branch points 13-36 bp from the 3' end (Kupfer et aI., 

2004). 

A ribosomal L7a gene containing two introns was identified upstream of the P. 

brassicae CHAP-domain gene. Phylogenetic comparison with L7a genes from a 

broad range of organisms showed that the P. brassicae gene grouped most closely 

with a gene from the other rhizarian, B. natans. An intron at a conserved position of 

the L7a gene has previously been identified from members of the Ophistokonta, 

Amoebozoa and Excavata, but was absent from members of the Chromalveolata and 

Plantae (Russell et aI., 2005). The intron was not found in B. natans, the only 

rhizarian then examined, and neither of the P. brassicae introns was at the 

conserved position. Although the conserved L7a intron alone is likely to be a weak 

marker of early eukaryotic evolution, the absence of this intron in P. brassicae lends 

some further support for the grouping of the Rhizaria with Chromalveolata and 

Plantae. 



40 

The prevalence of introns has not been reported in any other rhizarian organism. 

Introns appear to be present in all other eukaryotes that have been examined 

(Vanacova et aI., 2005), but many protist species contain few introns (Jeffares et aI., 

2006). For example, only three introns have been identified in the Giardia lamblia 

genome (Russell et aI., 2005) and 65 introns in Trichomonas vaginalis (Vanacova et 

aI., 2005; Carlton et aI., 2007). By comparison, splicing must be a prominent feature 

of P. brassicae transcription, since spliceosomal introns were plentiful in the genes 

examined and two micro-exons were detected. Little information on the prevalence 

of micro-exons in different organisms has been published, but, in a computational 

study, Volfovsky et al. (2003) found that between 0.5-1.6% of mRNAs, from four 

relatively intron-rich organisms, contained micro-exons. Two mini-exons in 19 fully 

sequenced genes seems unexpectedly high, were this to be further reflected in the 

overall P. brassicae genome. 

As in other intron-rich organisms, the distribution of P. brassicae introns showed no 

strong bias towards the 5' end of genes. Spliceosomal introns show a 5' bias in 

many organisms, but this bias is especially pronounced in intron-poor protists such 

as T. vaginalis (Jeffares et aI., 2006; Mourier and Jeffares 2003). 

The forces at work on the P. brassicae genome remain uncertain. A feature of many 

parasites is a reduction in genome size, and, in some cases, a reduction in the 

number of introns (Mourier and Jeffares 2003). For example, the intracellular 

microsporidian Encephalitozoon cuniculi has a mean intergenic distances of 129 bp 

and only 23 introns (Katinka et aI., 2001). All of the intergenic distances between 

confirmed P. brassicae genes were relatively short, but genomic fragments of up to 

2.2 kb without obvious genes were also sequenced. More detailed examination of 

gene transcription from larger genomic regions will confirm if P. brassicae has a 

compact genome but intron rich genes. It has often been postulated that intron loss 

is correlated to the reproduction rate of organisms, such that unicellular organisms 

with short life cycles would have fewer introns (see Jeffares et aI., 2006). However, 

recent studies indicate that some free-living protists have a significant number of 

introns (Archibald et aI., 2002; Siamovits and Keeling 2006). Although intron 

densities in extant eukaryotes show no clear phylogenetic pattern, it is thought that 

the ancestral eukaryote had a high to moderate numbers of introns (Roy and Gilbert 

2006). In this context, P. brassicae might be seen as an example of a eukaryote that 
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has retained ancient intron numbers. The (probable) presence of an intron in a 

Po/ymyxa betae gene (Mutasa-Gottgens et aI., 2000) and a 51 bp intron in a repeat 

of a Spongospora subterranea polyubiquitin gene (Archibald and Keeling 2004) is the 

only evidence of introns in other plasmodiophorid species. Given that P. brassicae 

was the sole phytomyxid to have self-splicing introns in the ribosomal SSU (Bulman 

et aI., 2001; Castlebury and Domier 1998), it will be interesting to see if all of the 

phytomyxid parasites are rich in introns, or if the P. brassicae genome is especially 

permissive to intron presence. 



CHAPTER 4. Testing plant-derived RNA 

silencing against the intracellular 

pathogen Plasmodiophora brassicae 

Abstract 
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Plasmodiophora brassicae is an intracellular pathogen that infects plants in the 

Brassicaceae family. A number of P. brassicae cDNA coding sequences have recently 

been identified, but tools for in vivo manipulation of P. brassicae gene expression are 

not available. RNA silencing has rapidly become an indispensible tool for knockdown 

of gene expression in a range of organisms. We tested for the presence of RNA 

silencing in P. brassicae. Due to the obligate intracellular lifestyle of P. brassicae, we 

attempted to induce silencing during infection of transgenic Arabidopsis thaliana 

plants. Stable transgenes containing hairpin-format segments of the P. brassicae 

actin gene, were introduced into Arabidopsis. Transformants showing transcription 

and processing of the hairpin RNAs were infected with P. brassicae but these plants 

showed full development of club root disease. No changes in transcription of the 

endogenous P. brassicae actin genes were measured. 

Introduction 

Plasmodiophora brassicae is a plasmodiophorid pathogen that causes club root 

disease of Brassicaceae plants (Ludwig-MOiler, 1999). Club root is distinguished by 

the growth of large hypertrophic galls on plant roots and hypercotyls. The disease is 

a problem for growers worldwide. The plasmodiophorids, which infect both plant 

and heterokont hosts (Braselton, 2001), are phylogenetically separated from other 

groups of plant pathogens, falling within the recently defined eukaryotic supergroup, 

the Rhizaria (Nikolaev et aI., 2005; Keeling et aI., 2005). Although the Rhizaria 

contains a wide diversity of protiSts including the Formanifera and Cercozoa, the first 

genome sequencing projects on any organism from the group has just been initiated. 



Consequently, the molecular biology of the Rhizaria is less well understood than in 

. other major groups of eukaryotes. 
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On one side of the club root interaction, a preliminary understanding of changes in 

plant gene expression is' being gathered (Siemens et aI., 2006; Ando et aI., 2006b). 

By comparison, the molecular biology of P. brassicae - and all p.lasmodiophorids -

remains largely untouched, primarily because these parasites are difficult to 

manipulate in the laboratory. All are obligate intracellular biotrophs that cannot be 

axenically cultured in vitro. Protocols for gnotobiotiC growth of P. brassicae in plant 

callus tissues have been developed (Ingram, 1969; Asano and Kageyama, 2006), but 

these are yet to be widely adopted for experimental purposes. Instead, experimental 

infections with P. brassicae continue to be made on soil-grown plants using solutions 

of resting spores. Methods for laboratory manipulations of P. brassicae have 

changed little since those summarised by Buczacki (1983). 

Recently, a number of new P. brassicae genes were sequenced, many of which had 

unknown functions (Archibald and Keeling, 2004; Ando et aI., 2006a; Bulman et aI., 

2006a). To further investigate the roles of these genes, techniques for gene 

manipulation in vivo are highly desirable. In many organisms, RNA silencing induced 

by the presence of double stranded (ds)RNAs (for a review see Brodersen and 

Voinnet, 2006), has been adapted for gene inactivation. A widely used technique to 

produce silencing in plants is stable transformation with transgenes that transcribe 

hairpin-format (hp)RNAs (Wesley et aI., 2001). Vectors for hpRNA assembly and 

transformation of Arabidopsis have been widely adopted for gene knockdown 

(Helliwell et aI., 2002). 

One of the most important roles for RNA silencing is defending genomes against 

viruses and transposable elements (Waterhouse et aI., 2001). Building on this role, 

several plant species have been engineered with RNA silencing-mediated resistance 

to specific viruses (e.g. Wang et aI., 2000). An obvious question arising from this 

application of RNA silencing was, would endogenously expressed siRNAs protect 

plants against other pathogens? There was some evidence supporting such an 

approach, since hpRNAs directed at tumour-forming genes of Agrobacterium 

tumefaciens produced tomato plants resistant to crown gall formation (Escobar et aI., 

2001). In multicellular pathogens, this approach is being most actively pursued in 



biotrophic plant parasitic nematodes, in part because of the ease with which RNA 

silencing is induced in Caenorhabditis e/egans (Bakhetia et aI., 2005). 
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In the absence of other methods, the in p/anta expression of hpRNAs appeared an 

attractive approach for in vivo manipulation of P. brassicae gene expression. Given· 

that P. brassicae has an intimate biotrophic relationship with the plant cell, and the·· 

easily manipulated Arabidopsis is an established P. brassicae host, we investigated 

whether siRNAs transcribed in Arabidopsis could cause gene knockdown in P. 

brassicae. 

Material and methods 

Vector construction 

DNA manipulations were performed using standard techniques in £ co/iDH5a 

(Sam brook and Russell, 2001). All DNA fragments were amplified using Accuprime 

High Fidelity Taq (Invitrogen). A diagram of the vectors assembled in this study is 

shown in Fig. 1. A completely conserved 153 bp sequence at the 5' end of the P. 

brassicaeactin I and II genes (corresponding to nucleotides 59-212 from the ATG 

start codon) was chosen as an RNA silencing target (Bulman et aI., 2006b). BLASTN 

comparisons of the sequence against the Arabidopsis genome gave a best match of 

49/59 bp to the actin 12 gene (At3g46520), but no hits of more than 15 consecutive 

nucleotides to any of the Arabidopsis genome. The 5' peR primer for this fragment 

was modified to contain an attBl site at the 5' end (peR primers shown in Appendix 

3 Table 1). A 201 bp DNA fragment from the £ co/i~-glucuronidase (GUS) gene 

(509-710 bp from the ATG) was amplified, including a 3' peR primer modified to 

contain an attB2.. site at the 3' end. The actin 3' primer and the GUS 5' primers were 

designed with sequences complementary to one another. The two DNA fragments 

were gel purified with the QIAquick Gel Extraction Kit (Qiagen) then fused together 

using overlap extension peR (Sam brook and Russell, 2001). The fused product was 

gel purified, then ligated into the pGEM-T vector (Promega). Insert-containing 

plasm ids were purified (Qiagen) and sequenced. A plasmid containing the correct 

actin-GUS fusion (Appendix 3 Fig. 1) was used for recombination of the insert into 

the pDONR201 vector (Invitrogen) by a BP c10nase (Invitrogen) reaction as in 

Helliwell et al. (2002). An insert-containing vector was again purified, and then used 



to recombine the actin-GUS fusion into the pHelisgate8 RNA silencing vector 

(Helliwell et al., 2002) via an LR clonase (Invitrogen) reaction. 

The correct orientation of the pHelisgate inserts was verified by Xba I restriction 

enzyme digestion. The final vector (pH8AG) was transformed into Agrobacterium 

tumefaciensGV3101 (Koncz and Schell, 1986) byelectroporation. 

pH8AG 
::: = UTRs •••• 
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Figure 1. Vector assembly. The positions of the DNA fragments from the P. brassicae actin 

gene(s) (top) and the GUS gene from the pCAMBIA 1303 vector (bottom) that were used for 

hpRNAs are shown. The two fragments were fused and inserted into the pHelisgate8 vector 

in inverted format. The positions of the 3' end (UTR) peR primers used to assess actin 

expression are shown. 

Transgenic Plant Construction 

Arabidopsis thaliana Columbia plants were transformed by floral dipping (Clough and 

Bent, 1998). A plant line (ALC.03) expressing a translational fusion of the GUS and 

GFP genes driven by the cauliflower mosaic virus (CaMV) 35S promoter, was 

generated by transforming plants with the pCAMBIA 1303 vector 

(http://www.cambia.org/) . Transformed ALC.03 plants were selected on MS media 

(Invitrogen) containing hygromycin. GUS expression in plants was assayed by 

histochemical staining (Jefferson et ai., 1987). GFP expression in the Arabidopsis 

roots was unreliable compared with GUS expression. Many seedlings that appeared 
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to be GFP negative were positive when stained for GUS activity. Expression of the 

mgfp5 gene has been reported to be weaker than for some other forms of the GFP 

gene (http://www;cambia.org/daisy/cambia/home.html). Homozygous AtC.03 plantS 

were floral~dipped with pH8AG and transformed plants were selected on kanamycin

containing media. 

DNA and RNA techniques 

DNA was extracted from both P. brassicae-infected and uninfected Arabidopsis 

tha/iana Columbia plants using a CTAB method (Russell and Bulman, 2005). Plants 

containing pH8AG inserts were identified by PCR with the PbACT2attB1/HLOOPR1 

primer pair (all PCR primers shown'in Appendix 3 Table 1). Southern blotting was 

performed as in Sambrook and Russell (2001). 

RNA from uninfected Arabidopsis plants and P. brassicae-infected roots was 

extracted using TRIzol reagent (Invitrogen). For northern blotting, N 10 I-Ig total 

RNA was separated on formaldehyde-agarose gels and transferred to Hybond-N+ 

(GE Healthcare). 

For siRNA gel blotting (Hamilton and Baulcombe, 1999), N 20 I-Ig total RNA was 

separated on 1.5 mm thick 15% polyacrylamide and 8M urea gels, with a Protean II 

apparatus (BioRad). RNA was electro-blotted onto Hybond-N+ with an LKB NovaBlot 

(GE Healthcare) semi-dry apparatus. DNA oligonucleotides of 18-24 bp were used as 

size markers and hybridisation controls. 

Blots were UV crosslinked in a Bio-Link device (Vilber Lourmat). All hybridisations 

were performed in modified Church buffer (Sam brook and Russell, 2001), at 65°C for 

Southern and northern blots, and at 40°C for the siRNA blots. Radioactively labelled 

probes were produced by random-priming of PCR amplified DNA fragments with 0-

p32dCTP using the RediPrime kit (GE Healthcare) (PCR primer positions shown in Fig. 

1). Southern blots were hybridised with a DNA fragment from the nptlI gene, 

amplified with the primers NPTIIa/b. Northern blots were hybridised with a P. 

brassicae actin DNA fragment 735-986 bp downstream from the ATG start codon 

(amplified with PbACTR1F/R primers). siRNA blots were hybridised with the P. 

brassicae actin DNA fragment used for the pH8AG assembly. 



47 

RT-PCR 

For RT-PCR, all RNA samples were pre-treated with DNAse 1 (Roche). Two IJg of 

total RNA was reverse transcribed with the SuperScript III system and the CTRT 

primer (Invitrogen). DNA was amplified with Platinum qPCR SYBR Green Supermix

UDG (Invitrogen) in 20 IJL reactions. PCR primers are in Appendix 3 Table 1. 

Duplicate reactions in each run were analysed on an ABI 7700 Sequence Detector 

(Applied Biosystems). The P. brassicae actin I and II genes were specifically 

amplified with primers in the 3'UTR of each gene, paired with a non-gene specific P. 

brassicae actin primer (primer sequences for RT-PCR given in Appendix 3 Table 1). 

The P. brassicae actin genes were also separately amplified with a non-gene specific 

primer pair. The Arabidopsis actin 8 gene and the P. brassicae ~-tubulin (AM 180248) 

genes were amplified as standards. CT values were normalised to the value for the 

latter gene for each template. Relative gene expression levels were calculated using 

the 2 -Mer method (Livak and Schmittgen, 2001). 

Plant infection 

For P. brassicae infections, Arabidopsisseedlings were transferred to soil and grown 

in a glasshouse. Infection was initiated by applying 1 mL of P. brassicae resting 

spore inoculum (tv 1x106 sporejmL) to the base of each plant (Bulman et aI., 2006a). 

Secondary stage disease was assessed at 30 days post infection (dpi) by visually 

examining roots for galls. Infected root material for RNA extraction was collected 

from tv 40 seedlings at 8 dpi and galled roots from 4-5 plants at 30 dpi. Infection at 

8 dpi was confirmed by staining roots in trypan bluejlactophenol solution (Appendix 

3 Fig. 2). 

Results 

Arabidopsis lines containing hpRNA constructs typically show a range of RNA 

knockdown of the targeted gene (e.g. Helliwell et aI., 2002). To obtain a measure of 

hpRNA expression prior to carrying out time-consuming P. brassicae infection assays, 

we utilised the ability of chimeric constructs to simultaneously knockdown 

transcription from more than one gene (Helliwell et aI., 2002). For this purpose, a 

GUS gene that was constitutively expressed in Arabidopsis, was targeted. For the 

hpRNA, a 153 bp fragment from the P. brassicae actin gene was fused to a GUS DNA 
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sequence, and assembled in the pHelisgate8 vector, to produce pH8AG. 

Homozygous ALC.03 plants expressing a GUS/GFP marker gene were floral dipped 

with Agrobacterium containing pH8AG, yielding eight kanamycin-resistant 

transformants. Segregation ratios of T1 progeny on kanamycin suggested that all 

except line 6 had single insertions (Appendix 3 Table 1). Southern hybridisation 

confirmed that lines 2, 4, 5, and 7 contained single pH8AG insertions, whereas line 6 

had two inserts (Appendix 3 Fig. 3). Histochemical staining showed that T1 

seedlings of lines 2, 4, 5, 7 and 8 displayed either little or no GUS expression or 

strong expression, at ratios of IV 3: 1 (Fig. 2). Only a few line 6 seedlings stained 

positively for GUS, consistent with the presence of two pH8AG insertions. All 

seedlings from line 1 were GUS-positive and this line was found not to contain the 

hpRNA section of pH8AG by PCR (Appendix 3 Fig. 4). Line 3 was discarded because 

most seedlings of this line grew in a stunted form. Comparison of PCR and 

histochemical staining showed that GUS-positive T1 seedlings from lines 4 and 7 did 

not contain the pH8AG insert whereas GUS-negative plants did (Appendix 3 Fig. 5). 

a b 

Figure 2. GUS staining of T2 seedlings. Seedlings transformed with pH8AG, lines 4 (A) and 7 

(6). T2 seedlings showed high/low GUS expression at 1V1:3 ratios. A single plant showing 

elevated GUS expression and two with reduced GUS expression are shown from each plant. 

Homozygous plants were selected, and lines 4, 5 and 7 were chosen for further 

infection experiments. Four-five seedlings each from these lines were transferred to 

soil and infected with P. brassicae spores (Appendix 3 Fig. 6). Visual examination of 

infection in these Arabidopsis plants showed heavy galling at 30 dpi (Fig. 3). Visible 

levels of infection, in five separate experiments, were comparable in the pH8AG 

plants to those seen in the ALC.03 control plants. 



Figure 3. Infected pH8AG plants from line 4 and 7 at 30 dpi. A. pH8AG line 4; B. pH8AG 

line 7; C. ALC.03; D. uninfected pH8AG line 4 plant. 
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Hybridisation to northern blots with a P. brassicae actin gene fragment showed that 

transcription of P. brassicae actin was clearly detectable in the infected pH8AG 

hpRNA lines (Fig. 4). Transcription levels were similar to those seen in the control 

ALC.03 plants. No cross-hybridisation with Arabidopsis actin gene sequences was 

observed in RNA from uninfected seedlings. 

1234567 

Figure 4. Detection of P. brassicae actin transcription at 30 dpi. Northern blot of RNA 

hybridised with actin fragment P2 (Fig. 1). Lanes 1 and 2 = uninfected root RNA; lanes 3-7 

30 dpi root gall RNA. Lanes 1. ALC.03; 2. pH8AG line 4; 3. Arabidopsis Columbia wild type; 4. 

ALC.03; 5. pH8AG line 4; 6. pH8AG line 5; 7. pH8AG line 7. 
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Total RNA from galls on infected Arabidopsis plants was separated on acrylamide 

gels (Appendix 3 Fig. 7), blotted onto nylon membrane and hybridised with the 

labelled 153 bp P. brassicae actin fragment. Small RNAs were detected in RNA from 

uninfected seedlings of pH8AG lines 4, 5 and 7, but were barely detectable in RNA 

prepared from club root galls of the same lines (Fig. 5). 

123405678 

,24 

Figure 5. siRNAs blot hybridised with 153 bp actin hpRNA fragment. 0 = 24 bp DNA 

oligonucleotide size marker. Lanes 1-4 = uninfected seedling RNA and 5-8 = 30 dpi root gall 

RNA. Lane 1. AtC.03; 2. pH8AG line 4; 3. pH8AG line 5; 4. pH8AG line 7; 5. AtC.03; 6. 

pH8AG line 4; 7. pH8AG line 5; 8. pH8AG line 7. 

eDNA name 
pHBAG line 4 vs A~.03 pHBAG line 5 vs A~.03 pHBAG line 7 vs A~.03 

2-MCT 2-MCT 2-MCT 

B dpi 30 dpi B dpi 30 dpi B dpi 30 dpi 

P~TUB 1.0 1.0 1.0 1.0 1.0 1.0 
(0.63-1.59) (O.93-1.0B) (0.93-1.07) (O.B3-1.21) (0.43-2.31) (O.B9-1.13) 

Pb\CTI 1.91 1.04 0.84 2.4 3.03 0.99 
(1.37-2.03) (0.93-1.24) (0.74-0.95) (2.1-2.73) (1.39-6.59) (O.B7-1.12) 

Pb\CTII 2.85 1.13 1.34 2.95 3.23 1.14 
(2.04-3.43) (1.01-1.1B) (1.27-1.4) (1.2-3.63) (1.77-5.9) (1.0-1.3) 

Pb\cY" 1.75 0.97 0.24 1.4 0.56 1.05 
(1.24-1.B3) (0.72-1.29) (0.1-0.57) (1.22-1.61) (0.31-1.02) (0.97-1.14) 

AtACTB 3.36 0.65 2.0 1.96 3.56 1.8 
(2.27-4.11) (0.59-0.72) (1.69-2.36) (1.69-2.25) (1.93-6.54) (1.61-1.99) 

Table 1. Quantitative RT-PCR in pH8AG lines. SYBR green qRT-PCR for the PbACf I and II 

genes and the Arabidopsis actin 8 gene. PbAcrM represents amplification with the 

PbACfR1F/R primer pair, that would be expected to amplify from both P. brassicae actin 

genes. Within each sample, the CT values were calibrated to those for P. brassicae ~-tubulin. 

Differences between CT values for pH8AG lines and the control AtC.03 line are represented as 

fold differences in expression (2-MCf
) Figures in brackets represent the fold difference ± 

standard deviation. 
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Gene cloning has shown that there are at least two P. brassicae actin genes and 

possibly several more (Bulman et aI., 2006b). To test the possibility that 

transcription of the targeted P. brassicae actin genes was indeed reduced, but other 

actin genes escaped knockdown, we used quantitative RT-PCR. When calibrated to 

P. brassicae ~-tubulin, no convincing reductions in transcription of PbACTI or 

PbACTII were observed in 8dpi primary-infected roots or 30dpi secondary infected 

galls (Fig. 6). 

Discussion 

We set-out to test whether plant-expressed siRNAs might be able to down-regulate 

the transcription of P. brassicae genes. The intimate biotrophic relationship of 

plasmodiophorids with the host cell and the appearance of phagocytosis-like 

ingestion in P. brassicae (Buczacki, 1983) both suggest that P. brassicae might be a 

suitable target for in-p/anta induction of RNA silencing. This was tested in the model 

plant Arabidopsis, an established host for P. brassicae in which methods for 

constructing and expressing hpRNA constructs are readily available (Wesley et aI., 

2001; Helliwell et aI., 2002). 

Knockdown of constitutively expressed GUS, and parallel detection of siRNAs, 

indicated that PbACT-GUS hpRNA constructs were expressed and converted to 

siRNAs in the transgenic Arabidopsis plants. Nonetheless, the infected hpRNA

containing Arabidopsis lines showed no visible differences in secondary stage club 

root disease symptoms. Analyses of RNA from the hpRNA-containing plants also 

showed no reductions in transcription of the P. brassicae actin genes at either 

primary or secondary stages of infection. Together, these experiments indicated that 

in p/anta expressed siRNAs had no effect on transcription of the P. brassicae actin 

genes. 

There are many reasons why external siRNAs might fail to induce clear RNA 

knockdown in P. brassicae. The most obvious explanation is that RNA silencing 

mechanisms do not exist in P. brassicae. Conserved protein components of the RNA 

silencing machinery, such as Dicer, have been found in all major groups of 

eukaryotes for which whole genome sequences are available (Cerutti and Casas-
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Mollano, 2006). However, RNA silencing appears to be absent from many 

organisms, and has frequently been lost from closely related lineages. For example, 

RNA silencing is routinely used as a tool to knockdown gene expression in 

Trypanosoma brucei(Motyka and Englund, 2004), but th€!o RNA silencing machinery 

is absent from Trypanosoma cruzi. The limited amount of gene sequencing from 

8igelowie//a natans and Reticulomyxa filosa provides no evidence of RNA silencing

associated genes in Rhizarians. 

The ability of RNA silencing signals to cross cell membranes is also poorly understood 

(May and Plasterk, 2005). Should RNA silencing mechanisms be present in P. 

brassicae, these still may not be triggered by the external application of siRNAs. 

Soaking Caenorhabditis elegans in double stranded RNA (Tabara et aI., 1998) or the 

protists Entamoeba histolytica (Vayssie et aI., 2004) and Acanthamoeba (Lorenzo

Morales et aI., 2005) in siRNA duplexes, effectively stimulates RNA silencing. 

However, external application of dsRNAs is not a universal means for stimulating 

RNA silencing,and uptake of siRNAs is inefficient compared with longer dsRNAs in C 

elegans (Feinberg and Hunter, 2003). 

Finally, it is possible that our failure to detect RNA silencing may have been because 

of insufficient hpRNA expression. Although the CaMV35S promoter is routinely used 

to give constitutive plant gene expression, we observed very low or patchy GUS 

expression driven by the CaMV35S promoter in older Arabidopsis plants. Gel blot 

analyses showed that P. brassicae actin siRNAs were barely detectable in RNA from 

infected gall tissue. Elevated siRNA levels might be especially important for the 

knockdown of a highly transcribed gene like actin. It seems unlikely that RNA 

silencing was absent solely because of low hpRNA expression, since we detected no 

differences in the levels of actin gene transcripts in younger plants where expression 

of both GUS and the actin hpRNA from the CaMV35S promoter appeared strong. 

The CaMV35S promoter is down-regulated in the feeding structures formed by the 

nematodes Heterodera schachtiiand Meloidogyne incognita (Goddijn et aI., 1993). 

As a consequence, researchers aiming to target in planta siRNAs at plant-parasitic 

nematodes have proposed the use of promoters that display high expression in these 

feeding cells (Bakhetia et aI., 2005). Use of promoters that are highly expressed in 

club root galls would improve the chances of observing RNA silencing in P. brassicae. 
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Ultimately, further work with RNA silencing in P. brassicae may only be worthwhile if 

developments in genome sequencing provide further evidence of RNA silencing 

mechanisms in the plasmodiophorids or closely related organisms. The recently 

announced B. natans genome project may reveal new information on the presence of 

RNA silencing in the Rhizaria. 
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CHAPTER 5. Discussion 

Summary of research findiri'gs 

At the beginning of this study, suitable gene sequences from P. brassicae for hpRNA 

assembly were unavailable. 10 identify new gene· sequences, suppression 

subtractive hybridisation was performed between RNA from P. brassicae-infected and 

uninfected Arabidopsistissue. Full-length cDNA clones from the infected tissue were 

also screened. From 537 clones, a total of 76 new P. brassicae gene sequences were 

located. Full-length gene sequences for most of the P. brassicae genes were 

obtained by RACE amplification. Many of the unisequences were predicted to contain 

signal peptides for ER translocation. 

In addition to the new cDNA identified here, partial sequences for the P. brassicae 

actin and TPS genes were published by other researchers close to the beginning of 

this study. Using PCR-walking, full-length genomic DNA sequences from both genes 

were obtained. Later, genomic DNA sequences spanning or flanking a total of 24 P. 

brassicae genes were obtained. The P. brassicae genes were rich in typical 

eukaryotic spliceosomal introns. Transcription of P. brassicae genes also appears 

likely to begin from initiator elements rather than TATA-box-containing promoters. 

A segment of the P. brassicae actin gene was assembled in hairpin format and 

transformed into Arabidopsis tha/iana. Observation of simultaneous knockdown of 

the GUS marker gene as well as detection of siRNAs indicated that these hpRNA 

sequences induced RNA silencing. However, inoculation of these plants with P. 

brassicae resulted in heavy club root infection. We were unable to detect decreases 

in actin gene expression in the infecting P. brassicae, at either early or late stages of 

infection. We conclude that, within the limits of the techniques used here, there is 

no evidence for induction of RNA silenCing in P. brassicae by in p/anta produced 

siRNAs. 
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SSH cDNA cloning techniques 

The host plant sequences were easily and unequivocally identified by BLA.STN/ confirming the 

success of using Arabidopsis as a host. Once the B. rapa genome sequence is released to the 

public/ these same advantages will be available with Chinese cabbage as a club root host. 

Without knowing the initial transcript representation in club root galls, it is impossible 

to fully assess the effectiveness of SSH for removing plant cDNAs. However, the SSH 

technique appeared to be successful for enriching P. brassicae cDNAs since only 

tv13% of the screened clones were from Arabidopsis. Allowing for one highly 

redundant P. brassicae SSH sequence/ the percentage of Arabidopsis clones was still 

only tv19%. Based on our prior exploratory studies/ we expected the percentage of 

ArabidopsiscDNAs to be much higher. Cloning of oligo-capped full-length cDNAs 

indicated that the percentage of P. brassicae transcripts from galls (the starting 

material for the SSH) might be as high as 66%. However, this cDNA collection was 

highly redundant (see next section) and unlikely to closely reflect the true gall 

transcriptome. After removing the three most redundant full-length clones, 43% of 

the DC transcripts were from P. brassicae. 

The formation of galls during secondary club root infection is driven by pronounced 

changes in phytohormone expression (Devos et a!., 2005; Ludwig-Mulier et aI./ 

1999)/ resulting in significantly different gene expression profiles to those found in 

typical plant roots (Siemens et aI., 2006). It is more typical to use SSH to isolate 

differentially expressed genes between closely related RNA sources rather than from 

such substantially different RNA samples. In this study/ SSH was used to titrate 

away as many plant genes from the gall RNA as possible. The use of uninfected root 

RNA for subtraction was successful, but RNA from hormone-induced callus might 

offer some advantages as an RNA driver/ were this procedure to be repeated. 

Aside from accessing a high percentage of pathogens cDNAs/ SSH had some clear 

shortcomings for the identification of P. brassicae genes. The SSH clones fell within 

a range of small sizes and many derived from the 3' end of genes. This often made 

it difficult to assign putative functions to the sequences using database comparisons/ 

or even to be confident of the direction of transcription. SSH would likely be 

unsuitable for larger scale P. brassicae gene identification. With respect to the 



requirements of this study, even where putative identities could confidently be 

assigned to the sequences, the clones were too short to accommodate a region for 

hpRNA design as well as another downstream region for RT-PCR or northern 

probing. Altogether, techniques of gaining further sequence information were 

required to complement the SSH findings. 

Full-length cDNA cloning techniques 
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To obtain full-length cDNA sequences of genes identified from the SSH collection, we 

performed RACE amplification. After improvements to the PCR steps, the oligo

capped RACE technique proved highly successful. We were able to retrieve full

length gene sequences from almost all of the SSH clones chosen for RACE. We also 

cloned and sequenced a selection of random full-length cDNAs from the oligo-capped 

template. This collection of tv300 cDNAs contained a higher than expected 

percentage of P. brassicae cDNAs, some of which were from the same genes as the 

SSH clones. As such, the OC collection complemented the SSH clone collection. 

The selection of OC cDNAs was highly redundant, necessitating PCR pre-screening 

steps to avoid repeatedly sequencing copies of three especially redundant genes. 

Even with this pre-screening, later batches of cDNAs contained less and less 

sequences from new genes. Thus, the usefulness of sequencing a larger number of 

full-length clones from this collection was limited. Using qRT-PCR, we compared the 

abundance of transcripts in the OC library versus their abundance in 1st strand cDNA 

from the gall RNA source (Appendix 1 Quantitative RT-PCR analysis of P. brassicae 

gene expression). This showed that the OC library did not contain a representative 

selection of transcripts. This was likely caused by the use of PCR amplification 

during library construction. Thus, the higher than expected ratio of P. brassicae 

transcripts may not be an accurate reflection of the club root transcriptome. The 

cDNA clones also had a short length compared with the average length of cDNAs 

(e.g. tv1.4 kb in Candida a/bicans) (Braun et aI., 2005). 

Large (or even medium) scale gene identification was not a central aim of the study, 

. so the number of cDNAs sequenced was relatively small compared with typical EST 

studies. For example, recent publications have described tv1600 EST sequences 
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from Reticu/omyxa ff/osa/ a representative of the little studied Rhizaria (Burki and 

Pawlowski/ 2006)/ to "'75 000 EST sequences from Phytophthora infestans(Randall 

et aI./ 2005). By comparison/ the number of ESTs located in studies from biotrophic 

pathogens have always been much smaller (Bittner-Eddy et aI./ 2003; Thara et aI./ 

2003; Broeker et aI./ 2006). Importantly/ our ability to sequence a larger number of 

P. brassicae cDNA clones was circumscribed by the high redundancy in both the SSH 

and oligo-capped cDNA collections. 

The future of P. brassicae cDNA cloning 

The findings presented here/ in particular the greater than expected percentage of P. 

brassicae transcripts in RNA from club root galls/ have some implications for future 

cDNA identification. With continuing decreases in sequencing costs/ construction of 

a typical cDNA library from club root galls and sequencing of random cDNAs may be 

a cost effective means to identify new P. brassicae genes. The eventual availability 

of the Brassica rapa genome (http://www.brassica-rapa.org/) will make it easier to 

work with Chinese cabbage/ a favoured P. brassicae host that provides larger 

amounts of material from each developmental stage than is available from 

Arabidopsis. SSH appears to be a more suitable tool for identifying genes expressed 

at a particular stage of P. brassicae infection/ rather than for concerted gene 

identification. For example/ it would be highly interesting to identify genes 

expressed during primary infection by subtracting uninfected root cDNAs from P. 

brassicae-infected root cDNAs at 7-10 dpi. At this time/ the amount of P. brassicae 

tissue in the roots would be quite low/ and the background levels of plant gene 

transcripts would be similar. 

Genomic sequences from P. brassicae by peR-walking 

In parallel with our use of SSH to identify new P. brassicae genes/ we sought to 

extend the lengths of the actin (Archibald and Keeling/ 2004) and TPS (Brodmann et 

aI./ 2002) gene sequences so that they might be used as targets for RNA silencing. 

A P. brassicae ubiquitin gene sequence was also published (Archibald and Keeling/ 

2004)/ but this appeared to be an unsuitable target for RNA silencing. The ubiquitin 

coding sequence was very highly conserved at the nucleotide level/ meaning that in 



p/anta expression of P. brassicae-ubiquitin hpRNAs would probably also result in 

knockdown of the endogenous Arabidopsis ubiquitin genes. The work on the 

genomic sequences of the TPS and actin genes was performed in parallel with the 

SSH and DC cDNA cloning approaches, since it was unclear if one or all of these 

techniques would be successful. 
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We chose PCR-walking techniques to obtain new genomic sequences, because, 

based on previous experience, these techniques are well suited to working with DNA 

samples from mixtures of organisms. PCR-walking indeed proved to be successful 

for retrieving P. brassicae DNA sequences from gall DNA, obviating the need for 

long-winded construction of typical genomic DNA libraries. 

Multiple P. brassicae actin genes-

Two actin genes were sequenced from the New Zealand P. brassicae isolate and 

three actin genes were previously identified in a Japanese isolate (Archibald and 

Keeling,2004). None of the actin sequences appeared to be from the same gene, 

with differences occuring at 38 nucleotide positions over the five sequences. All but 

3 of the differences were at 3rd base position of codons. The presence of these 

divergent sequences suggests that P. brassicae might contain at least five actin 

genes, or that the New Zealand and Japanese isolates are highly divergent at the 

nucleotide level. Five and six actin genes are respectively found in the genomes of 

the oomycete Lagenidium giganteum and the unicellular alga Emi/iana hux/eyi, so the 

presence of multiple actin genes in a protist would not be unusual (Bhattacharya et 

aI., 1993; Bhattacharya and Stickel, 1994). 

The divergent actin sequences might also arise from genetically distinct single spores 

within the P. brassicae field isolate. P. brassicae samples from the field are highly 

variable, each consisting of races that exhibit differing pathogenicity to hosts with 

different resistance genes (Buczacki et aI., 1975; Some et aI., 1996). Multiple 

pathotypes are found within a field and among single spore isolates from the same 

gall (Some et aI., 1996; Manzanares-Dauleux et aI., 2001). The basis for this 

inherent variabilty is not understood, but experiments with RAPD DNA markers 

showed a high degree of genetiC variability between single spore isolates from the 

same field (Manzanares-Dauleux et aI., 2001). Clearly it is possible that this genetiC 
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variation would extend to coding sequences including the actin genes. The number 

of actin genes in the New Zealand isolate could be illuminated by screening more 

RACE clones, or, more especially, by Southern hybridisation. The genes identified in 

this study will provide highly useful targets for comparing genetic diversity in P. 

brassicae isolates at the local and global level. The isolation of single spore isolates 

will be necessary to answer these questions. 

New details of the P. brassicae genome 

A PCR walk from the 5' end of the actin gene yielded a genomic DNA fragment that 

contained both the actin promoter and a new P. brassicae gene. Spurred by this 

discovery, we used PCR walking to obtain DNA sequence beyond the 5' ends of a 

selection of P. brassicae genes. This offered the chance to identify new genes and to 

characterise several P. brassicae promoters. These promoters were to be used as 

tools elsewhere in the project. 

Despite it's small scope, this survey of genomic DNA sequences gave surprising new 

details of P. brassicae genome structure. The principal new findings were that P. 

brassicae genes are surpisingly intron-rich and that P. brassicae genes are likely to 

start transcription from initiator elements (discussed in Chapter 3). There was some 

evidence from the close spacing of several genes to suggest that the P. brassicae 

genome is relatively compact, but several DNA fragments up to 2.2 kb that contained 

no obvious genes were also sequenced. Since only BLASD< versus the GenBank 

non-redundant database were used to search for genes, the presence or absence of 

genes in these DNA fragments might be confirmed by northern blotting of gall RNA. 

The likelihood of a reduced genome size provides encouragment for the future of P. 

brassicae genomics, since sequencing of larger genomic DNA clones would reveal 

many new P. brassicae genes. Such clones could easily be identified from a mixed 

plant-P. brassicae genomic DNA library by blotting. 

Evidence for RNA silencing machinery in 

plasmodiophorids? 
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It was tempting to think that the isolation of P. brassicae genomic DNA sequences 

might cast lighton the presence of RNA silencing in P. brassicae. For example, since 

RNA silencing protects the genome against transposon replication, detection of intact 

mobile elements could indicate a continuing requirement for RNA silencing by P. 

brassicae. No transposable elements were detected in our survey, although the 

chance of finding such elements in this manner was low. A more direct means to 

find evidence for RNA silencing was also attempted, using degenerate PCR to amplify 

Dicer-like proteins from plasmodiophorids (Appendix 2 Degenerate PCR for Dicer 

proteins). This technique led to the identification of a 8. rapa DCL-1 fragment and 

another from the aphid, Myzuspersicae. However, no putative plasmodiophorid 

Dicer sequences were detected. Given that the Dicer-like gene sequences are known 

to be poorly conserved across eukaryotes (Cerutti and Casas-Mollano, 2006), and the 

host plant sequences were possibly preferentially amplified, these findings do not 

show the absence of Dicer-like genes in P. brassicae. Ultimately, a much greater 

exploration of plasmodiophorid genomes will be required before the presence or 

absence of RNA silencing machinery in P. brassicae is confirmed. 

Assessment of P. brassicae infection and choice of 

first hpRNA target 

Based on the limited means for assessing P. brassicae infection, a lethal phenotype 

was regarded as an important criteria for our chosen hpRNA targets. Once plants 

are exposed to P. brassicae spores, there are two typical points for infection 

assessment. Firstly, at 7-10 dpi, primary infection can be assessed by 

microscopically searching stained roots for root hair infection. Then, after at least 23 

dpi, secondary infection can be assessed by the degree of root galling. This is the 

most reliable point for assessing infection. Since the distribution of primary root 

infection on roots is patchy, and the size of galls are dependent on plant vigour, 

applying quantification to measurements of P. brassicae infection is extremely 

difficult. Methods for quantifying P. brassicae infection of Arabidopsis have been 

extensively tested and reviewed by Siemens et aI., (2002), but such measurements 

remain less than 100% reliable. Greatly reduced gall formation/infection would be 

the ideal marker of hpRNA activity. 
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The first full-length P. brassicae cDNAs obtained in this work were the TPS and actin 

sequences. The TPS gene is involved in synthesis of trehalose, a disaccharide 

produced by microbes in response to various environmental stresses (Thevelein, 

1984). Although trehalose is difficult to detect in Arabidopsis, trehalose metabolism 

appears to be complex as reflected by the presence of as many as 11 Arabidopsis 

TPS genes (Leyman et aI., 2001). Although TPS gene deletion resulted in much 

reduced plant pathogenicity in the fungal pathogen Magnaporthe grisea (Foster et 

aI., 2003), it seemed unlikely that knockdown of the TPS gene would prevent P. 

brassicae growth. RT-PCR reactions also indicated that the TPS gene was not highly 

transcribed, meaning that measuring knockdown would be more difficult than in a 

highly expressed gene. 

By contrast, disruption of the actin gene seemed likely to be detrimental to P. 

brassicae survival. Actin is an important cytoskeleton protein generally considered to 

be essential for cell function. RNAi knockdown of actin has been shown to be lethal 

in both Trypanosoma brucei (Gam' a-Salcedo et aI., 2004) and C e/egans (Kamath 

et aI., 2003). Consequently, from the two initial P. brassicae genes, we chose to 

create hpRNAs from the actin sequence. 

Design of actin hpRNA construct 

It was desirable to place the hpRNA at the 5' end of the actin gene, allowing for the 

design of qRT-PCR primers in the downstream part of the gene. We also sought to 

avoid off-target knockdown of Arabidopsisgenes through sequence homology. Off

target RNA silencing effects have been a major concern in animals, although these 

appeared to be less of a problem in plants (Watson et aI., 2005). Comparison with 

the Arabidopsis genome showed that nucleotides 150-650 of the P. brassicae actin 

gene had high similarity to the Arabidopsis actin genes, especially Arabidopsis actin 

12 (At3g46520). Although no matches of 20 or more contiguous bases were 

present, to avoid (most of) this region, the hpRNA was designed from nucleotides 

59-212 of the P. brassicae actin gene. This segment had a maximum match of 15 

contiguous nucleotides to any sequence in the Arabidopsis genome. A similar 

strategy was followed for the ~-glucuronidase (GUS) gene, choosing a sequence with 

a highest match of 17 contiguous nucleotides to the Arabidopsisgenome. 



The hpRNAs were assembled in the pHelisgate vector system that has been widely 

adopted for RNA silencing in Arabidopsis (Helliwell et a/., 2002). 

Assessment of hpRNA expression 
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As with all transgenic plants, expression of introduced hpRNAs shows considerable 

variability between plant lines. Had we measured P. brassicae gene expression in 

randomly chosen hpRNA-plants and found it unchanged, this might simply have 

reflected poor hpRNA expression, rather than a failure to induce RNA silencing in 

Plasmodiophora. Therefore, to gain an indication of hpRNA expression levels prior to 

infection assays, we utilised the ability of chimeric hpRNAs to simultaneously 

inactivate more than one gene. Chimeric hpRNAs have been used to select 

Arabidopsis plants with highly expressed hpRNAs by Helliwell et a/. (2002). The 

chalcone synthase (CHS) gene plus another gene Were targeted, and successful 

knockdown was determined by reduced seed pigmentation (Helliwell et a/., 2002). 

Since we had no experience with the CHS technique, we instead decided to use 

knockdown of the visible markers GUS and GFP to select for active hpRNAs. 

Knockdown of GFP has frequently been used in studies of RNA silencing mechanisms 

(e.g. Dunoyer et a/., 2006). In our actin-GUS hpRNA lines, GUS knockdown 

appeared to be an excellent indicator of hpRNA expression. In the majority of lines, 

greatly reduced GUS expression was seen to co-segregate with the hpRNA 

transgenes. Seedlings from one kanamycin resistant line showed no GUS 

knockdown, and this line was subsequently found not to contain the hpRNA part of 

the transgene. 

Initially, we hoped to observe GFP expression in roots as an indicator of knockdown. 

However, GFP expression in plant roots did not always correlate with the presence of 

transgenes or with subsequent assessment of GUS expression. Expression of the 

mgfpS gene has been reported to be weak in some plants, and may be improved by 

using other forms of the GFP gene 

(http://www.cambia.org/daisy/cambia/home.html). 
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In planta siRNAs showed no effect on P. brassicae 

infection 

At the end of this study, we were unable to find evidence that in p/anta expressed 

hpRNA transgenes versus the P. brassicae actin gene had any effect on club root 

infection. By measuring reporter gene knockdown and the presence of siRNAs, we 

are confident that P. brassicae was exposed to siRNAs homologous to the P. 

brassicae actin gene during infection. However, we saw no differences in disease 

expression nor measured any decrease in the level of overall actin transcripts at the 

primary or secondary infection stages. Using qRT-PCR, we observed no specific 

down-regulation of the two actin sequences that were targeted in this New Zealand 

P. brassicae field isolate. Thus, even if the continued growth of P. brassicae in these 

lines were due to the presence of other divergent actin sequences, we did not 

succeed in reducing transcripts of the two targeted genes. 

Why might RNA silencing have failed to be 

induced? 

Clearly there are many points at which in p/anta dsRNA might fail to induce silenCing 

in P. brassicae. Firstly, the RNA silencing machinery may simply be absent in P. 

brassicae. RNA silencing has been induced in few protiSts, and there is no evidence 

for either ifs presence or absence in the plasmodiophorids. 

Alternatively, should P. brassicae be capable of mounting an RNA silencing defence, 

the in p/anta expressed siRNAs may not induce this response. The phylogenetic 

distribution of RNA silencing induction by external exposure to dsRNAs is unknown. 

Observations of systemic silencing spread have been confined to a few organisms, 

and the mechanisms that mediate this spread remain incompletely understood (May 

and Plasterk, 2005). Interestingly, in C e/egans, in which spread of RNA silencing 

has been best characterised, SID! has a preference for longer dsRNAs and imports 

siRNAs rather poorly (Feinberg and Hunter, 2003). Thus, induction of RNA silenCing 

by in-p/anta hpRNAs might be ineffective against SID!-containing organisms because 

of the rapid conversion of dsRNA to siRNAs by the plant DCl enzymes. Even in triple 
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del2. de8 de/4 Dicer mutant Arabidopsis plants, the remaining DCLl is capable of 

producing siRNAs from inverted repeats (Henderson et aI., 2006; Deleris et aI., 

2006). Collectively, RNA silencing by external dsRNA application is continuing to be 

empirically tested in a variety of organisms. To date, this has met with only sporadic 

success. 

Another factor to consider is the effect of single-spore variability in P. brassieae. As 

discussed earlier, single-spore lineages from P. brassieae field isolates exhibit 

substantial differences in pathogenicity and genetic makeup. It seems quite possible 

that some single-spore isolates have different RNA silencing responses and escape 

the effects of the hpRNA constructs. The isolation and use of single-spore P. 

brassieae isolates may be a pre-requisite before further studies of this kind are 

carried out. 

Future research 

During this project, we shifted from our initial strategy of testing hpRNAs versus 

several P. brassieae genes, to more exhaustively testing the effect of a single hpRNA. 

This was to accomodate the introduction of internal controls for the effectiveness of 

hpRNA expression. Since not all genes appear equally susceptible to RNA silencing, 

testing hpRNAs versus other P. brassicae genes would be valuable to confirm the 

results with the P. brassieae actin sequence. We have recently assembled a new 

hpRNA construct targeting the P. brassieae MOB gene (AM180218). T1 Arabidopsis 

seedlings containing these constructs are now being grown. 

The CaMV35S promoter has been shown to be down-regulated in the syncytia 

(feeding sites) of plant pathogenic nematodes (Goddijn et aI., 1993). As a 

consequence, considerable effort has been expended in identifying new plant 

promoters that are up-regulated in syncytia (Barthels et aI., 1997). It has been 

suggested that these promoters be used for nematode-targeted hpRNA expression 

(Rosso et aI., 2005). To see if the CaMV35S promoter is also down-regulated in club 

root galls, we inspected GUS expression in galls on the ALC.03 line. Expression in the 

galls was patchy (Appendix 3 Reporter-gene expression in P. brassieae galls. Fig. 8). 

There was also good evidence of GUS expression in uninfected roots but reduced, 
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patchy expression in adjoining gall tissue. Because there was some evidence of age

related decline in GUS expression in the ALC.03 line, we cannot yet state with 

certainty that CaMV35S expression is downregulated by P. brassicae infection. 

Experiments are continuing in this area. 

In unpublished research, we have identified two promoters that are strongly up

regulated in club root galls (Appendix 3 Fig. 8). These promoters could be used to 

drive high hpRNA (or other transgene) expression in club root galls. Overall, 

however, further attempts to apply dsRNA to P. brassicae will only be worthwhile if 

plasmodiophorid genome sequencing reveals evidence of plasmodiophorid RNA 

silencing pathways. Such experiments would also be facilitated by development of 

. better P. brassicae infection assays and production of single spore isolates. 

Beyond the study of RNA silenCing, this work provides a comparatively large amount 

of starting material for studying the P. brassicae-Arabidopsis interaction, and the 

evolution of the plasmodiophorids. 
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Appendices 

Appendix 1. Identification of genes from the 

obligate intracellular plant pathogen, 

Plasmodiophora brassicae 

ArabidopsiscDNA clones 
SSH cllA At4g33070 pyruvate decarboxylase 

SSH c2C M Atlg03220 dermal glycoprotein, putative 

SSH c3C M At4g30210 NADPH-cytochrome p4S0 reductase, putative 

SSH c6C M At4g33070 pyruvate decarboxylase 

SSH cSD B Atlg62480 vacuolar calcium-binding protein-related 

SSH c9E B At3g1S4S0 Unknown 

SSH c2E M Atlg21720 20S proteasome beta subunit Cl 

SSH c4H B At2g31360 delta 9 desaturase 

SSH c7H M At2g03090 expansin, putative (EXP1S) 

SSH c2K At 26S 

SSH c4K At3g22440 putative hydroxyproline rich 

SSH cSK AtSg623S0 invertase/pectin methylesterase inhibitor 

SSH c6K AtlgS2300 ribosomal protein L37 

SSH c7K At3g22440 putative hydroxyproline rich 

SSH PLAS c18 At2g36220 unknown 

SSH PLAS c19 At3g22440 putative hydroxyproline rich 

SSH PLAS c20 AtSg623S0 invertase/pectinmethylesterase 

SSH PLAS c21 Atlg77120 alcohol dehydrogenase 

SSH PllOS cll Atlg07940 EFla 

SSH PI 105 c23 AtSg64260 Phi protein 

SSH PllOS c30 At3g44300 Nitrilase II 

SSH PI 105 c34 At4g33070 pyruvate decarboxylase 

SSH PllOS c38 At4g33070 pyruvate decarboxylase 

SSH PllOS c61 At4g33070 pyruvate decarboxylase 

SSH PllOS c83 AtlglO140 Unknown 

SSH PI30S cA4 AtSgS7S60 xyloglucan endotransglycosylase THC4 

SSH PI30S c19 At3gSS430 putative beta-l,3-glucanase 

SSH PI30S cA36 Atlg77760 nitrate reductase 1 (NR1) 
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SSH PI305 cA40 At4g30270 
xyloglucan endo-1,4-beta-D-glucanase (EC 3.2.1.-
) . 

SSH PI305 cA42 At4g27450 Unknown 

SSH PI305 cA58 At3g11930 Putative ER6 - ethylene response gene 

GRc1A At4g28240 wound-responsive protein-related 

GRc2B Atlg55675 Unknown 

GRc5B At4g25570 cytochrome B561 family protein 

GRc8B Atlg32920 Unknown 

GRc10B At2g30490 cinnamate-4-hydroxylase 

GRc1C At5g09440 phosphate-responsive protein, putative 

GRc2C At4g28060 cytochrome c oxidase subunit 6b, putative 

GRc9C At5g03210 Unknown 

GRc8E Atlg80920 
DNAJ heat shock N-terminal domain-containing 
protein 

GRc9E Atlg19570 GSH-dependent dehydroascorbate reductase 1 

GR cllG At2g20490 nucleolar RNA-binding Nop10p family protein 

GR PIAc3H At3g48450 nitrate-responsive NO! protein, putative 

GR PIAc8H At2g15970 cold-acclimation protein, putative 

GR PIAclOH At5g02380 metallothionein protein 2B 

GR PIAc12H At3g16640 translationally controlled tumor family protein 

GR PIAc14H At3g49910 60S ribosomal protein L26 

GR PIAc15H At5g53500 WD-40 repeat family protein 

GR PIAc42 At3g25040 
ER lumen protein receptor, putative/HDEL 
receptor 

GR PIAc44 Atlg15270 Unknown/hypothetical 

GR PIAc46 Atlg54580 acyl carrier protein, chloroplast, putative ACP 

GR PIAc48 Atlg15270 Unknown/hypothetical 

GR PIAc49 At3g01130 Unknown 

GR c10J At3g47520 malate dehydrogenase 

GR c12J AtgDNA 

GR PIAc53J At3g02190 60S ribosomal protein L39 

GR PIAc55J At gDNA 

GR PIAc56J At4g28085 Unknown 

GR PIAc58 Atlg27970 NTF2 

GR PIAc61 At3g47520 malate dehydrogenase 

GR PIAc62 At3g22550 Unknown; senescence-related 

GR PIAc63 At3g16640 translationally controlled tumor family protein 

GR PIAc67* At3g22550 Unknown; senescence-related 
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GR PIAc7S At3g44735 phytosulfokines-related 

GR PIAc77 At4g13220 Unknown 

GR PIAc78 At3g13S20 arabinogalactan-protein 

GR PIAc82 At3g47S20 malate dehydrogenase 

GR PIAc83 AtSgS6360 calmodulin-binding 

GR PIAc8S At4g276S2 Unknown 

GR PIAc86 At4g2808S unknown 

GR PIAc88 At4g3386S 529 ribosomal protein 

GR PIAc91 AtSgSOnO ABA responsive AtHVA22 

GR PIAc92 At4g201S0 mitochondrial NADH:ubiquinone oxidoreductase 
subunit? 

GR PIAc94 AtlgS604S ribosomal protein L41 

GR PIAc9S AtgDNA 

GR 4X c1S At4g40030 histone H3.2 

GR4X c20 At4g306S0 hydrophobic protein 

GR 4X c28 At2g47170 ADP-ribosylation factor 1 

GR 4X c46* Atlg63840 RING zinc finger protein 

GR PIBc1S At3g47S20 Malate dehydrogenase 

GR PIBc16 At gDNA 

GR PIBc18 Atlg200S0 C-8,7 sterol isomerase 

GR PIBc21 At2g23090 unknown 

GR PIBc27 At4g2808S unknown 

GR PIBc28 Atlg2320S invertase/pectin methyl esterase 

GR PIBc29 AtgDNA 

GR PIBc32 Atlg02130 Ras related small GTP binding protein 

GR PIBc33 AtlgS604S ribosomal protein L41 

GR OS c1 At3g04400 605 ribosomal protein 

GR PIOSB c62 AtSg62900 Unknown protein 

GR N5Pl1 c8 AtSg024S0 605 ribosomal protein L36 

GR NBPl1 cS4 At2g27960 cyclin-dependent kinase 

GR NBPl1 c64 At4g3386S 405 ribosomal protein 529 

GR NBPl1 c6S At3g62400 cytochrome c oxidase subunit Sc 

GR NBPl1 c87 AtSg6S6S0 Unknown 

GR NBPl1 c93 Atlg27400 605 ribosomal protein L17 

GR PI2NBOS(M) c3 AtSg18380 405 ribosomal protein 516 

GR PI2NBOS(M) c4 AtgDNA 

GR PI2NBOS(M) c8 Atlg09640 eEF-1B gamma, putative 

GR PI2NBOS c44 AtSg47930 Ribosomal 527 
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GR PI2NB05 c45 At5g16470 Zinc finger 

GR PI2NB05 c50 At5g48810 putative cytochrome b5 protein 

GR PI2NB05 c53 At5g58375 Unknown 

GR PI2NB05 c59 At2g46510 succinate dehydrogenase 

GR PI2NB05 c68 At3g01130 cystathionine gamma-synthase 

GR PI2NB05 c69 At3g52800 zinc finger (AN1-like) family protein 

GR PI2NB05 c87 At4g33565 Unknown 

GR PI3NB05 c2 Atlg32920 Unknown 

GR PI3NB05 c5 Atlg65980 peroxiredoxin type 2 

GR PI3NB05 c6 Atlg65980 peroxiredoxin type 2 

GR PI405 c2 At4g02520 GST 

GR PI405 c7 At5g54750 TRAPP component Bet3 

GR PI405 c8 At4g 11 150 vacuolar ATP synthase subunit E 

GR PI405 c10 Atlg27030 Unknown 

GR PI405 cll At5g11090 serine rich 

GR PI405 c15 Atlg20440 ABA responsive gene, dehydrin 

GR PI405 c18 Atlg09560 putative germ in protein 

GR PI405 c19 At5g35735 similar to auxin-induced protein AIR12 

GR PI405 c21 At2g36830 aquaporin 

GR PI405 c24 At4g23470 hydroxyproline-rich glycoprotein 

GR PI405 c26 Atlg62880 cornichon family protein 

GR PI405 c30 Atlg62880 cornichon family protein 

GR PI405 c31 Atlg62880 cornichon family protein 

GR PI405 c32 Atlg19660 wound-responsive family protein 

GR PI40S c36 Atlg64970 gamma-tocopherol methyltransferase 

GR PI405 c38 At4g09580 Unknown 

GR PI40S c41 At2g36830 Aquaporin 

GR PI405 c42 Atlg51070 bHLH transcription factor 

GR PI405 c45 At3g11940 putative 405 ribosomal protein 55 

GR PI405 c53 At4g18340 beta-1,3-glucanase-like protein 

GR PI405 c59 At3g09900 Ras-related GTP-binding protein 

GR PI405 c60 Atlg27730 putative salt-tolerance zinc finger protein 

GR PI405 c64 At2g44610 Ras-related GTP-binding protein, putative 

GR PI40S c65 At3g16640 translationally controlled tumor family 

Appendix1 Table 1. Arabidopsis tha/iana cDNAs. Summary of Arabidopsis cDNAs sequenced 

during this study. Protein function descriptions are from TAIR-curated annotations that 

accompany GenBank sequences. 
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Quantitative RT -peR analysis of P. brassicae gene expression 

The SSH cDNA collection had one especially common P. brassicae clone. The DC 

collection was also highly redundant, containing three especially common P. 

brassicae clones. To test whether the cDNA redundancy in our SSH and DC 

collections reflected the biology of secondary stage infection, we used qRT -PCR to 

examine transcription of ten P. brassicae genes and the A. tha/iana actin 8 gene 

(Atlg49240). All amplified fragments were between 100-300 bp in length (primer 

sequences in Appendix 1, Table 2). First strand cDNA for RT-PCR was generated 

with the SuperScript III system (Invitrogen). Two ug of total RNA was transcribed 

with the GR oligo dT primer. DNA was amplified with the Platinum qPCR SYBR Green 

Supermix-UDG (Invitrogen). Reactions were 12.5 IJL in volume and were analysed 

on an ABI 7700 Sequence Detector. Duplicate reactions were performed in each run. 

Two runs/cDNA were performed for the 7 dpi cDNA samples and 2-6 runs/cDNA for 

the OC template and 30 dpi cDNA samples. CT values were normalised to P. 

brassicae ~-tubulin for each template. Relative gene expression levels were 

calculated using the 2 -Mer method (Livak and Schmittgen 2001). 

qPCR confirmed that, in comparison with the P. brassicae ~-tubulin gene used as a 

control, short mRNAs were more abundant in the DC template than in the first strand 

cDNA (Appendix 1, Table 3). Differences in qPCR between the amplified and non

amplified cDNA template also emphasised that some highly redundant DC cDNAs had 

become overrepresented in the library. Thus, amplification steps during library 

construction yielded clones with much reduced lengths compared with average 

eukaryotic cDNAs (e.g. 1V1.4 kb in Candida a/bicans) (Braun et aI., 2005), and a clone 

frequency that was not a reliable approximation of gene transcription levels. 

We also compared the expression levels of the same genes at 7dpi and 30dpi. qRT

PCR on cDNA from a primary-infection sample showed a low percentage of pathogen 

RNA compared with the 30 dpi sample (Appendix 1, Table 3). These experiments 

showed that quantitative PCR can be used to measure transcription of P. brassicae 

genes, but a more detailed dissection of plasmodiophorid growth stages will be 

required to understand developmental regulation of P. brassicae gene transcription. 



P~TUB 

Ptl2B 

PLPRX 

Ph5HSPl 

Ph5HSP2 

Pt6UNKl 

PtHISH4 

PtGSTl 

PI£YCA 

PtGST2 

AlACTB 
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Primer pairs for qRT -peR 
BTUBFl CTGCTCATCTCCAAGATCCGA BTUBR2 ACGAACGACTCATCGGAGTT 

L2BFl CCAACCAGGAAGTGATCTGG L2BRl ACTTCTTCGCGTTCAGGTTG 

PEROFl CAGCCACAAGAAGTGGATCA PERORl CTTGTCTGGCCCAATGATG 

CRAAFl GACTCCTCCCAAAGCCAGGT CRAARl TCCGCGTACAGCATCTTGC 

CRABFl CCAAGTAACGACCTACGCAGC CRABRl CGGGCGTGTCGATGTAGAG 

CRACFl CTGCATTGCTTGAGTTAACATGG CRACRl CAGCTCCAGCGTTGACACAC 

HISFl GTGCTGCGCAACAACATC HISRl CTCCGTGTAGGTGACCGAGT 

GSTFl CCGTCGAACATCAAGATCAC GSTRl GGAACGAAGTCTGGAACGTC 

CYCA1F GTCATCCCCAACTTCATGCT CYCA1R ACAATGTCCATGCCCTCAAT 

GST2Fl CCCAACAAGGACAAGGATTT GST2Rl GCGACCGTGAACTTGTTG 

ACTINBF GTATGTTGCCATTCAAGCTGTTCTA ACTINBR GAGCTTGGTTTTCGAGGTCTCC 

Appendix 1 Table 2. PCR primers used for qRT-PCR. All primers are written in the 5' to 3' 

direction. 
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eDNA name PL:f3TUB PttlISH4 Ptl28 PLsHSP1 PLsHSP2 PI£'(CA 
Size (bp) 1570 430 540 630 700 620 

30 dpi vs 1.00 0.10 0.29 3.94 0.09 0.90 
7dpi 2-MCT 

(0.8-1.26) (0.06-0.17) (0_23-0.37) (1.9-8.1) (0.03-0.35) (0_66-1.2) 

DC template 1.00 43.4 8.28 1016 7281 52.7 
vs 30 dpi (1.2-0.86) (29-65) (6.4-10.8) (530-1951) (3492-1.5 x (36-78) eDNA 2-MCT 

1004) 

eDNA name P~ST1 P~ST2 PteRX Pl:6UNK1 AtACT8 
Size (bp) 630 700 770 570 1620 

30 dpi vs 2.58 0.08 0.53 55.7 2.3 x 10-05 

7dpi 2-MCT 
(1.8-3.7) (0_06-0.11) (0.39-0.71) (31-98) (1.3-4.1 x 10-

05) 

DC template 48.8 140 8.69 729 0.29 
vs 30 dpi (32-76) (114-172) (7.3-10.3) (419-1269) (0.18-0.47) eDNA 2-MCT 

Appendix 1 Table 3. Quantitative RT-PCR for selected P. brassicaegenes and the Arabidopsis 

actin 8 gene. Template was 7 days post infection and 30 days post infection tissue first 

strand cDNA, and amplified OC template. Changes between lJ.CT values (MCT) were 

calculated for 7 to 30 days infection and 30 days to OC template, and then converted to 

approximate fold differences of expression by 2 -MCf. Figures in brackets represent each fold 

difference ± standard deviation. 



Appendix 2. Genomic DNA sequences from 

Plasmodiophora brassicae 

Primers for Universal PCR-walking 

UNIl AATACGACTCACTATAGNlOGATC 

UNI2 AATACGACTCACTATAGNlOGAATTC 

UNI3 AATACGACTCACTATAGN'OGCGC 

UNI4 GTAATACGACTCACTATAGGGCN'OCGCG 

T7 CGCGTAATACGACTCACTATAG 

SUPPstlA 

SUPBA 

SUPla 

Primers for Suppression PCR-walking 

GTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGTTGCA 

P-ACCTGCCC-NH [C6] 

GTAATACGACTCACTATAGGGC 
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Appendix 2 Table 1. PCR primer and adapto,-A sequences used for PCR walking. The SUPB 

primer has a 5' phosphate group and a 3' blocking amine group. 
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SpJronucteus barl<hanus 

375 

Giardia lamblia 

Eugena g-aci/is 

,--_____ Diclyoslelium discoideum 

Drosophila melanogasler 

Ciona inteslina/is 

Homo sapiens 

AcantiJamoeba castellanii 

'--___ Saccharomyces ceTevlsiae 

Arabldopsls Ihaliana 

,--___ Trimaslix pytlfonnis 

Jahoba libera 

0----- RecDnomonas americana 

Seculamonas ecuadoriensis 

Malawimonas jakoblformls 

P/asmodJophora brassicae 

'--___ Bigelowiella nalans 

Cyan/dioschyzon merolae 

'--____ Harlmannel/a vermiformis 

399,------ Naegleria g-uber; 

Trichomonas vaginalis 

Appendix 2 Figure 1. Maximum likelihood phylogenetic tree constructed from ribosomal L7a 

proteins. Amino acid sequences from a range of organisms (from Russell et al. 2005). 

Values of greater than 50% for five hundred bootstrap pseudoreplicates are shown above 

nodes. 



L7A 1-2 
IIIGTATTGCAATTGTGTTTGAGCCTATAAACGGAGCGCTAACATGGTCGACAGill 
IIIGTACGTTTTCTCTGTCGTCGCGTGTGTCTCACGAAGACCTAACGTTGTGTCTAGiII 
PDA 1-2 
IIIGTAAGGACAATTTGAAATTGCAGGACGCGGCGT~ACAGTGTATAGill 
IIIGTCGTTCATCGCTTGTTCTCGCTTTTGCACCTGGTTGCTGACTAGTTCACGTTCAGIII 
URM 1-2 
IIIGTCGGCCAGCCAGTCGATGTCGACTTTGGAAATGTGTGCGTCTGACCGTGGCGTCTAGIII 
IIIGTAGGGGTTTCCGTACGCGGCCCCCTGTCTGCTCGACTAATGTGTGTGTCAGill 
BTUB 1-2 
IIIGTATGGGCGCGGCGCTCCATCCCGACGCCGACCTTCCCGCTGATTTCCGTTTGTGTACTCGTGTAGIII 
IIIGTAAGTCTTGGTGTTTCTGGACCGTTCGATGATCGCAGTCTGAATGGGTTCTTCAGIII 
IDS 1-3 

I TAAATGGCAATGCCCCGTTTAGGCTTCTGACACGGTGGTGATTAACCCTCCATACCGTGCTATCGTATAGIII 
TAGGGCGCGACGTTAAATGTTCGGTGCGTTGCTGCTGAACTCGTGTCGTACCAGill 
TGAGAGGATCGCGAATTATCGGTTTGCTTCGACTCCTCTGGGTCTGACATATGCTGTCAGIII 

ENDO 1-5 

I
TTGGTGCCGTGCGTTCTTGGAGCGCGGACGGCTTCTCTAATTTCCGTCCCGCCTTCCTAGIII 
TATTTGTTTTAATTAATGGAGATACCAGGCCGATGCTGACTGATTTGTACAGill 
TATGATCTGGATGAACCCGCGAACTTGCACCGTGCTGACTCCTGCTTGCAGilli 
TATCTGTGAACAGTGTCGATTCGCCATACAATATCGTCTCTGACTTTGCTTTTTCTAGIII 
TGGGTCCGGAGTTCCAACCAATTCTTCGGAAACCACTATTCTGACGGTCCGCGTGCATCAGIII 

CALF 1 

IIIGTACACCGTTCAGCATCAGAAGACATGTGCGAGCTCTGACAAACCGGGCGCACACAGIII 
CALUPl-2 
IIIGTAAGCCTCGAACCGGCTGGGTCGCTCTGCCGTCGTTGACGTGTGTGTGCCGCAGill 
IIIGTAAGCGCTATGGTGCGTGCTCCTCTCTGGACGTGCCGGTTGATGTTCTTAACCAGIII 
PSA 1-20 
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I
TACACCTGATGCTTCTGGTCGGTTACTGGTTATCAACG~TCTGTTTCAGill 
TACGTTGAACCGGGGTTCGATAATTTAATCTGAACGAATATGTAGill 
TTTTCTAATGTTCTCTTCTTGAGTTTGAAAATGTTGCTGACGGTATCCATCGTATAGIll 
TTTGGTTTTAATGGATTTACACATCTTCCCTTCCTAATATTCCATGTCAGill 
TTGGCCTTTCCCACACTTTCCAGAATTGATACTGACAGCACATGCA~ 
TACGCATAATATTCGAGGCAATGTGACAATCCTAACAACCGTTGCTGCTCGATAGTCAGTGGAAGATTGCTGTACGTCTTGA 

TGAAGCTCACTTGCTATCAGIII 
TGACGCCGTATGCTATTGGCGAATGATATGTCTCTGAACCAATGTCGCTTGACGCAGIll 

CGAGAACGTACGCATCG~CTGTGCAGIII 
GTI3C(3m~T1rGC,TC:GC:CC~GTTTACCCATCTGTTTGTGCGTTCTGACCAAATGTATAGill 

CTGGTGCCGAATG~TGTTTCATGTA~ 
GT,~T(:A~rG1rTl~C;AC:GCTGGAAAATGTGCCAACTGATTAGCTGCCTTTCGCA 

GTI:rn3G1~T!'ATGA'TG(:A(~Al~;~'~A_TCCCGC~TGGATGGTGTCTTA 
GTI:A(;TC;GA,CTCTIGT(3C(;TC:CG~CGACAI:C(~AT~GTGTGCAGIII 

GT.AC'TCIGC'TC'rTICCICT(3T(3A(3T;~G(3Cj~G~rTATTGACCCGATAAACA~ 
TTGCGTGTTCGCCATTTGCGAATGTAGACGTCGTTGACTACTATTTCGTAGill 

GTICT(3Tl~T(;Gl~T1:TG~C~AA.CATCAGCTGCTTAATTCTAATCCAAGGTTCTA 

~~.~~,~~,~~/~~(~~~~~r'~~·~~TCAGACTCGCTGGCGCTCATG'TG·rT~rA~rC(:G1~AC:AG 

GTAA~GI:Tl~C(;Cl~GC,C1'GG~CG:GTCATGCTAAGCTATGGATAATAACTGCGAGCGTCCCAGIIi 
MOB 1-7 

I
TTAAGCCCGGTTGCCCTGCTCGCGTCGCGATGCCCGCTAAGCACTGCTCTGGAGCAGIII 
TCGGTTTCGCCACACGAAATGCTCCTTCGC;GTTCCTAGAGTTAATCGATGGCTGCAGill 
TACGTCCGGGTTGGCGGTTGCAATCTATAAGAGTTGAACCTAATCCATTCCTTTGTTGCAGIIi 
TGACCGATTCCACAGTGGTGGATATGTGTCCAGGACCCTAATCTGCCACAGill 



I TCATATGCTTTTCGTCAGGTATCGCACTCGATTTGGTTTTAACACGGTGGTCAACGGCAGili 
TGAGCCAACGATGTTTCTCGTTTATGTCCGCCTAGCCAGTCTGATTCTGGTCGTCCGGCAGIII 
TATCGTCCATCGTTCACAAACGTGTCCGTGTATTTGACTGCCTCCCAGili 

TREH 1-9 
TGTTATTGGGCAACTGCTGCGACGTCCGTCGCAGCCGCCTGATTCGTTCGr CA 

"~~~r~"~CGATGCGAGTTGCACGTCTCGCTCGATTCCTGACGGTGGTGTGCGCA 

TTCCCGTGTACTGTTTCTATTGGGCAAGTCTTAACATTTCAATGTCA 
~~1~0f'~r'~TTGTTTGGATTCGCTCGTACAGTGGCGTGTGCTGATTGTTACGTTCGCTCTGTCTAGili 
GT.AAI:A'rC·rG(~A1'G(~ATTTGTGATGTACTTGTGTTTGACTGTACTCTTCTTAGili 
~~,~,_~~.~CGAATGCCGCTTACCTCGCCCCACCTGGTTCCGATATCTGAACCGTTGCAGili 

CGTTCGTTGATTGGTAGTAGTTTGT~CTGCGGTCA~ 
~~I~~r~~~'~CCCCCGATCACGTGTACGCGTCCTATGCTGACGTTCCTGTTCAGili 
GTICT(:TC;CC;CG:GTCGICC(:T1rGP,TG:CCTTIGG(:TC;G1'TT'G_CT_IG~I~(3ATGTATTCCCCAGili 

GSTUP 1-2 

I CATGCCCGGGTGTGCTGCCGCCTGTCGTATTCCATTGTGCTGATGACCGAAGCGTGr CA 
TATGTTACGTAGACTGTATCGCAGTACTGCTGGCCCCGTCTCACGTTTTACAACCA 
TGCGTACCTAACCGGGCACTCGGCGCCGAGTGACTGCACTATAATGCTGTCCGCCA 

PEPS28 1-8 
GT'rC(3C(~G(;TG~GTAICC(:G(~G(;TG~TGGICT(3C1rG1:~:~'~_TCTGTTCGTCAGili 

ATGACCTGAATCACGACGAACTI 
CTCTGCCCAATGGACAGACTCTGAATTCGAATCGTCA 

TG'rG'rA(:AC;A1rG1~CCGTCTGGTGTCGATGTGAATTGACGCCAGTGCTcGIA 
GT'TT(GC(:A(:A(~AC;CP,CC:GA.GCCCATACTAGTAAGCACGTTCTCATTGGCAGTATA 

TATATGCTGTGGTGTCTCGAATTCAGTCTGATGACTATTTGCTCCTTAGili 
CATGAGCGCACGTCCAGCGTTTGTGACCTGAAACGAAATCACTGTCAGili 

TCGTGCTCCTGCTGTGTAACCGACCTGACCGCTGCCTACAGili 
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Appendix 2 Figure 2 Intron sequences from P. brassicae genes. Three nucleotides from the 

exons on either side of the introns are included (purple). Putative splice site motifs are 

underlined. Blue nucleotides indicate splice site motifs with one variant nucleotide and green 

nucleotides indicate motifs with two variant sites. 
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Degenerate peR for Dicer proteins 

In an attempt to directly detect the presence of RNA silencing components in 

plasmodiophorids, we applied degenerate PCR for Dicer-like genes. An alignment of 

8 Dicer-like genes from a range of organisms was made with Clustal X (Thompson et 

aI., 1997) (Appendix 2 Fig. 3a). Four primers were designed in conserved amino

acid regions of the Dicer genes (Appendix 2 Fig. 3b). Components ofthe PCR 

reactions were standard (Bulman et aI., 1998), but with primers at 1IJM 

concentration. The PCR parameters followed a touchdown protocol; annealing 

temperatures were two cycles each at 60°C, 55°C, 50°C, 45°C, then 35 cycles at 

50°C. Extension times were for 3 min. PCR reactions were carried out on genomic 

DNA templates from B. rapa club root galls, potato-Spongospora subterranea galls, 

and cDNA from Arabidopsis club root galls. Of the three PCR primer combinations 

used (GDSFF/VEALR, GDSFFjRLEFR, VEALFjRLEFR), a strong band of tv300 bp was 

amplified with the VEALFjRLEFR pair from the B. rapa gall genomic DNA sample. 

After cloning, two sequences were obtained from the band. One gave no significant 

hits with BLASTX whereas the other sequence (Appendix 4 Fig. 4) was found to have 

high similarity to Arabidopsis DCLl at both the amino-acid and nucleotide levels 

(Appendix 4 Fig. 5). No further work was performed on this sequence because this 

degree of nucleotide conservation indicated that it was from the B. rapa genome 

rather than from P. brassicae. Many P. brassicae cDNA sequence show high amino

acid similarity to genes from other eukaryotes, but few have conservation at the 

nucleotide level (Bulman et aI., 2006a). A tv300 bp fragment was amplified from 

potato-Spongospora subterranea gall DNA, but this was found to derive from a plant 

transposon sequence. 

The effectiveness of our Dicer amplification strategy was further demonstrated by 

the identification of a Dicer1 sequence from cDNA of the aphid Myzus persicae (this 

sequence has been extended by 3'RACE). 
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Anophelesgambiae 
Drosophilamelanogaster 
Zebrafish 
Caenorhabditiselegans 
Arabidopsisthalianadcl1 
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Anophelesgarnbiae 
Drosophilamelanogaster 
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Caenorhabditiselegans 
Arabidopsisthalianadc11 
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Anophelesgambiae 
Drosophilamelanogaster 
Zebrafish 
Caenorhabditiselegans 
Arabidopsisthalianadcl1 
Spombe 
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Dictyosteliumdiscoideum 
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Drosophilamelanogaster 
Zebrafish 
Caenorhabditiselegans 
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Spombe 
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Anophelesgambiae 
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Appendix 2 Figure 3. A. Alignment of Dicer genes from Anopheles gambiae (AA073809), Drosophila melanogaster 

(NP _524453), Zebrafish (AAQ90464), Caenorhabditis elegans (NP _ 498761), Arabidopsis thaliana (AAF03534), 

Schizosaccharomyces pombe (Q09884), Neurospora crassa (XP _328976) and Dictyoste/ium discoideum (AJ314909). 

Sequences were aligned with Clustal X and the alignment is shown in Boxshade output. The position of the 

degenerate PCR primers is shown in green. B. Sequences of primers in 5' to 3' orientation. In A., GDSFF and VEALF 

are in the 5' to 3' direction while VEALR and RLEFR are in the 3' to 5' direction. 



Brassica rapa Del sequence 
>CC_Dicer_T7_sq 
AGTCGAAGCTCTGATCGGTGTTTACTACGTGGAAGGAGGTAAAGCTGCGG 
CGAACCATTTGATGAAATGGATTGGGATCCACGTGGAGGATGATCCCGAA 
GAAACCGAAGGGGCCGTGAAACCGGTTAGTGTTCCGGAGAGCGTGCTCAA 
GAGCATAGACTTTGTTGGTTTAGAGAGAGCTTTGAAGTACGAGTTTACGG 
AGAAAGGTCTTCTTGTGGAAGCTATCACGCATGCTTCGAGACCGTCTTCG 
GGTGTTTCGTGTTACCAGAGGTTGGAGTTTCTTGGAGATGCT 

Appendix 2 Figure 4. DCl sequence from Brassica rapa club root gall. Primer sequences 

shown in italics. 
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SA. >giI30677869IrefINM_099986.21 UniGene infoGeo Arabidopsis thaliana DCLl (DICER

LIKE1); ATP-dependent helicase/ ribonuclease III (DCLl) mRNA, complete cds length=6l88 
Score = 194 bits (98), Expect = 1e-46 Identities = 230/274 (83%), Gaps = 0/274 (0%) 
Strand=Plus/Plus 

Query 12 TGATCGGTGTTTACTACGTGGAAGGAGGTAAAGCTGCGGCGAACCATTTGATGAAATGGA 71 

1111 11111111 11111 11111 11111 III II II 1111111111111111 
Sbjct 4899 TGATTGGTGTTTATTACGTCGAAGGGGGTAAGATTGCAGCTAATCATTTGATGAAATGGA 4958 

Query 72 TTGGGATCCACGTGGAGGATGATCCCGAAGAAACCGAAGGGGCCGTGAAACCGGTTAGTG 131 

1111111 11111111111111111 II III III II I 11111 1111 II 
Sbjct 4959 TTGGGATTCACGTGGAGGATGATCCTGATGAAGTCGATGGAACATTGAAAAATGTTAATG 5018 

Query 132 TTCCGGAGAGCGTGCTCAAGAGCATAGACTTTGTTGGTTTAGAGAGAGCTTTGAAGTACG 191 

1111 11111 11111111111111 111111111111 I 111111111 I II II I 
Sbjct 5019 TTCCAGAGAGTGTGCTCAAGAGCATCGACTTTGTTGGTCTTGAGAGAGCTCTTAAATATG 5078 

Query 192 AGTTTACGGAGAAAGGTCTTCTTGTGGAAGCTATCACGCATGCTTCGAGACCGTCTTCGG 251 

111111 11111111111111111 11111111 II 11111111 11111 11111 I 
Sbjct 5079 AGTTTAAAGAGAAAGGTCTTCTTGTTGAAGCTATAACACATGCTTCAAGACCATCTTCAG 5138 

Query 252 GTGTTTCGTGTTACCAGAGGTTGGAGTTTCTTGG 285 

1111111111111111111 11111 III 1111 
Sbjct 5139 GTGTTTCGTGTTACCAGAGATTGGAATTTGTTGG 5172 

5B. >giI15223286IrefINP_171612.11 UniGene infoGene info DCL1 (DICER-LIKE1); ATP
dependent helicase/ ribonuclease III [Arabidopsis thalianal Length=1909 
Score = 178 bits (452), Expect = 6e-44, Identities = 87/97 (89%), positives = 92/97 

(94%), Gaps = 0/97 (0%), Frame = +2 

Query 2 VEALIGVYYVEGGKAAANHLMKWIGIHVEDDPEETEGAVKPVSVPESVLKSIDFVGLERA 181 
VEALIGVYYVEGGK AANHLMKWIGIHVEDDP+E +G +K V+VPESVLKSIDFVGLERA 

Sbjct 1506 VEALIGVYYVEGGKlAANHLMKWIGIHVEDDPDEVDGTLKNVNVPESVLKSIDFVGLERA 1565 

Query 182 LKYEFTEKGLLVEAITHASRPSSGVSCYQRLEFLGDA 292 
LKYEF EKGLLVEAITHASRPSSGVSCYQRLEF+GDA 

Sbjct 1566 LKYEFKEKGLLVEAITHASRPSSGVSCYQRLEFVGDA 1602 

Appendix 2 Figure 5. BLAST alignments of Dicer sequence from Brassica rapa with DCll 

sequence from Arabidopsis. A. nucleotide sequences; B. amino-acid sequences. 
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Appendix 3. Testing plant-derived RNA silencing 

against the intracellular pathogen Plasmodiophora 

brassicae 

Vector assembly, hybridisation fragments and PCR screening 

PbACTR2at tbl HYB 

PbACTR2 GUSOL HYB 

GUSR2attb2 
GUSR1F1PbACTOL 

NPT II a HYB 

NPT II b HYB 

HANLOOPRl 

PbACTR1FHYB 

PbACTR1RHYB 

PbACTF3 
PbACT3UTRIR 
PbACT3UTRIIR 
BTUBFl 
BTUBR2 
AtACT8F 
AtACT8F 

CTRT 

TCCATGCTllIIIII 
GGGGACCACTTTGTACAAGAAAGCTGGGTCCGCTAGTGCCTTGTCCAGT 
TACCCGATAGCATGGATCCTAACTATGCCGGAATCCAT 

ATGACTGGGCACAACAGACAATCGGCTGCT 
CGGGTAGCCAACGCTATGTCCTGATAGCGG 
CCCGGTAGTGATCTTATTTCATTATG 

Primers for qRT-PCR 

CACCCAGGTCATCACGGTCGGC 
ATACCTTGACGCGCATCGA 
GGTCGATCCTGTCGTCGCT 
ACACATTGACGTCGCGATAA 
ATGATTCGATGCAAGCCTCT 
CTGCTCATCTCCAAGATCCGA 
ACGAACGACTCATCGGAGTT 
GTATGTTGCCATTCAAGCTGTTCTA 
GAGCTTGGTTTTCGAGGTCTCC 

TCTAGAATTCAGCGGCCGCT30 VN 

Appendix 3 Table 1. PCR primer sequences. Primers written in 5' to 3' direction. The italics 

in the vector-assembly primers indicate attBl. and attB2. sequences. Colours in the vector

assembly primers indicate the actin and GUS sequences as shown in Appendix 3 Fig. 1. HYB 

= primers also used for amplifying fragments for hybridisations. 



>PbACTGUS pH8 c 2 
GCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGAAGTTC 
ATTTCATTTGGAGAGGACACGCTCGAGACAAGTTTGTACAAAAAAGCAGG 

TACACCACGCCGAACACCTGGGTGGACGATATCACCGTGGTGACGCATGT 
CGCGCAGGACTGTAACCACGCGTCTGTTGACTGGCAGGTGGTGGCCAATG 
GTGATGTCAGCGTTGAACTGCGTGATGCGGATCAACAGGTGGTTGCAACT 
GGACAACGCACTAGCGGACCCAGCTTTCTTGTACAAAGTGGTCTCGAGGA 
ATTCGGTACCCCAGCTTGGTAAGGAAATAATTATTTTCTTTTTTCCTTTT 
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Appendix 3 Figure 1. Sequence of pH8AG insert. Sequence of pH8AG between CaMV35S 

promoter and pHelisgate8 intron. Red = P. brassicae actin sequence; blue = GUS sequence. 

pH8AG line -/- -/+ and +/+ X2 value 

pH8AG line 1 30 79 0.37 

pH8AG line 2 28 82 0.01 
pH8AG line 3 21 45 1.63 

pH8AG line 4 9 47 2.38 

pH8AG line 5 29 96 0.22 

pH8AG line 6 5 96 21.65 
pH8AG line 7 28 100 0.66 

pH8AG line 8 58 157 0.22 

Appendix 3 Table 2. Segregation ratios of pH8AG T2 seedlings on kanamycin containing 

media. To assess if the segregation ratios significantly differed from 1:3 ratios, a X2 

goodness of fit test was calculated. Only the value for line 6 exceeded the 950/0 X2 value of 

3.841. 
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Appendix 3 Figure 2. Primary P. brassicae infection in 8 dpi root hairs. Roots were stained 

with trypan blue/lactophenol solution. 

1 234 5 

Appendix 3 Figure 3. Southern hybridisation. 8al1i111 -digested DNA from pH8AG plant lines 

hybridised with an nptIIDNA fragment. Lanes 1. line 2; 2. line 4; 3. line 5; 4. line 6; 5. line 

7. 

Appendix 3 Figure 4. PCR detection of pH8AG insert. PCR with a primer in the pHelisgate8 

intron (HLOOPR1) paired with a primer in the PbACT DNA fragment (PbACTR2attb1). 1-8 = 

pH8AG lines 1-8. + = positive plasmid control; - = negative water control. 
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Line 
4 

Line 
7 

Appendix 3 Figure 5. Segregation of pH8AG insert. Line 4 (top) and line 7 (bottom). Tl 

progeny from each line were grown on non-selective media. peR (see Appendix 3 Fig. 4) for 

the pH8AG insert was performed on DNA from a single leaf of each plant. The remainder of 

the plant was then stained for GUS expression. All plants lacking the pH8AG insert showed 

GUS expression in roots and young leaves. 

Appendix 3 Figure 6. Pot grown Arabidopsis infected with P. brassicae. 



Appendix 3 Figure 7. siRNA acrylamide gel. Gel stained with ethidium bromide prior to 

transfer to nylon membrane. 0 = DNA oligonucleotides used as size markers. 
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Reporter-gene expression in P. brassicae galls 

In unpublished research prior to this study, about 40 promoterless-GUS tagged 

Arabidopsis lines were infected with Plasmodiophora brassicae. The lines had 

previously been shown to have up-regulated GUS expression in response to 

nematode infection (Florian Grundler, pers. comm.). The plants were histochemically 

stained and examined for changes in GUS expression as a result of P. brassicae 

infection. Two lines ("ALC.904" and "ALC.184") with elevated GUS expression in club 

root galls were identified. 

To assess levels of CaMV35S-driven expression during secondary stage P. brassicae 

infection, club root galls from ALC.03 plants were stained for GUS expression and 

compared to stained galls from ALC.904. GUS expression in ALC.904 galls was strong 

and relatively consistent across galls whereas GUS expression in ALC.03 galls was 

weaker and patchy. Non-galled ALC.03 roots continued to show GUS expression 

while expression in adjoining galls was considerably reduced. 

, 

c 

Appendix 3 Figure 8. Arabidopsis plants containing Arabidopsis promoter-GUS fusions. 

Promoter-reporter fusions = (ALC.904) (A and B) or pCAMBIA 1303 (ALC.03) (C and D). 

Plants were infected with P. brassicae, harvested at 30 dpi and stained for GUS expression. 

Note that in D, non-galled roots show GUS expression, but the gall shows patchy GUS 

expression. 
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