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Abstract: 
Plant parasitic nematodes comprise several groups; the most economically 
damaging of these are the sedentary endoparasites. Sedentary endoparasitic 
nematodes modify host root tissues, using a suite of effector proteins to create and 
maintain a feeding site that is their sole source of nutrition. Ultrastructural studies of 
plant-nematode interactions, and in particular those of the feeding sites, have 
identified two key feeding structures; feeding tubes and feeding plugs. Sedentary 
plant-parasitic nematodes feed by withdrawing host cell assimilate from the feeding 
site though a feeding tube. The function, composition and molecular characteristics 
of both feeding tubes and feeding plugs are poorly characterised. It is hypothesised 
that the apparent selective uptake of certain proteins from the feeding site is 
attributed to feeding tube size exclusion.  

A novel method is proposed to predict protein size based on protein database 
coordinates in silico. The validity of these predictions was tested using travelling 
wave ion mobility spectrometry – mass spectrometry, where predictions and 
measured values were within approximately 6% of each other. In silico predictions 
coupled with experimental techniques, such as mass spectrometry, analytical 
ultracentrifugation and protein electrophoresis, aimed to resolve seemingly-
conflicting results of previous size exclusion experiments. Together these provided 
a pragmatic measurement of the upper limit for cyst nematode feeding tube size 
exclusion. 

Putative feeding-structure genes were identified from the genome sequence of the 
potato cyst nematode Globodera pallida using a series of reasoned assumptions 
about their characteristics. As a result, several large gene families were identified, 
one of which displayed highly complex genomic variation within a population. 
Subsequent characterisation of these candidate genes informed their function. The 
expression of several candidates was demonstrated in tissues with the capacity to 
secrete proteins into the host, implicating their role in host-pathogen interactions. In 
addition, for the 444 gene family, the protein was detected in the apoplasm, 
between the anterior end of the nematode and the feeding site. In planta host 
induced gene silencing targeting 444s reduced nematode infection by > 50%; 
further supporting their important role in successful parasitism.  

Feeding structure candidate genes were identified in de novo transcriptome 
assemblies of two related species (Globodera rostochiensis and Rotylenchulus 
reniformis). Differential expression analysis identified those candidates with 
congruent expression between species. 444 and 448 genes appear to be “core” 
effectors present in three genera of plant-parasitic nematodes that infect mono- and 
di-cotyledonous crop species.  

  



- iv - 

 
Table of Contents 

1. General Introduction .................................................................................... 1 

1.1. Nematoda .............................................................................................. 1 

1.2. Nematode phylogeny ............................................................................. 1 

1.3. Plant parasitic nematodes ..................................................................... 3 

1.3.1. Root-knot nematodes ........................................................... 4 

1.3.2. Cyst nematodes ................................................................... 5 

1.3.3. The life cycle of cyst nematodes .......................................... 5 

1.3.4. Syncytia ............................................................................... 6 

1.3.5. The role of effectors in cyst nematode biotrophy .................. 7 

1.3.6. Nematode feeding structures ............................................. 11 

1.3.7. Feeding tubes .................................................................... 11 

1.3.8. Feeding tube function ......................................................... 13 

1.3.9. Feeding plugs..................................................................... 14 

 Feeding plug function .................................................. 16 1.3.9.1.

1.4. Project overview .................................................................................. 17 

2. General materials and methods ................................................................ 18 

2.1. Bacterial Growth Media ....................................................................... 18 

2.1.1. Super Optimal Broth (SOB) ................................................ 18 

2.1.2. Super Optimal broth with Catabolite repression (SOC) ....... 18 

2.1.3. Luria-Bertani (LB) ............................................................... 18 

2.1.4. Luria-Bertani Agar (LB Agar) .............................................. 18 

2.2. Plant growth media .............................................................................. 19 

2.2.1. Murashige and Skoog (liquid MS 20) .................................. 19 

2.2.2. Murashige and Skoog Agar (MS-A) .................................... 19 

2.3. Biological material ............................................................................... 20 

2.3.1. Maintenance of cyst nematode populations ........................ 20 

2.3.2. Hatching of second-stage juveniles .................................... 20 

2.3.3. Collection of parasitic-stage nematodes ............................. 20 

2.4. Molecular Cloning ................................................................................ 21 

2.4.1. Polymerase Chain Reaction (PCR) .................................... 21 

2.4.2. Restriction digestion of DNA ............................................... 22 

2.4.3. Agarose gel electrophoresis and gel extraction .................. 22 

2.4.4. DNA ligation ....................................................................... 22 

2.4.5. Plasmid DNA extraction from bacteria ................................ 22 



- v - 

2.4.6. DNA extraction from plant and nematode tissue ................. 23 

2.4.7. RNA extraction from plant and nematode samples. ............ 23 

2.4.8. cDNA synthesis .................................................................. 23 

2.4.9. Semi Quantitative Reverse Transcriptase - Polymerase 
Chain Reaction (SQRT-PCR) ..................................................... 24 

2.4.10. Preparation and transformation of chemically ultra-
competent Escherichia coli ......................................................... 24 

2.4.11. Preparation and transformation of electro-competent 
Escherichia coli ........................................................................... 25 

2.4.12. Preparation and transformation of competent 
Agrobacterium tumefaciens / rhizogenes .................................... 25 

2.4.13. Colony screening ............................................................... 26 

2.5. Protein expression, extraction and analysis ......................................... 26 

2.5.1. Bacterial protein expression ............................................... 26 

2.5.2. SDS-PolyAcrylamide Gel Electrophoresis (PAGE) ............. 27 

2.5.3. Small-scale denaturing protein purification ......................... 27 

2.5.4. Large-scale protein expression and purification .................. 28 

2.5.5. Removal of His-Tag from purified protein: Thrombin 
digestion ..................................................................................... 29 

2.6. Western blot ........................................................................................ 29 

2.6.1. Protein extraction from plant or animal tissue ..................... 29 

2.6.2. Transfer of protein to PVDF membrane .............................. 30 

2.6.3. Ponceau S red staining ...................................................... 30 

2.6.4. Colorimetric detection system ............................................ 30 

2.6.5. Chemi-luminescent detection ............................................. 31 

2.7. General primers ................................................................................... 31 

3. Feeding tube size exclusion ...................................................................... 32 

3.1. Introduction .......................................................................................... 32 

3.1.1. Feeding tubes and size exclusion ....................................... 32 

3.1.2. Mass spectrometry as a way of measuring protein size ...... 33 

3.1.3. Predicting protein size computationally............................... 34 

3.2. Aims: ................................................................................................... 35 

3.3. Materials and methods ........................................................................ 36 

3.3.1. Computational prediction of protein size – RotaMol ............ 36 

 Area Measurement ...................................................... 36 3.3.1.1.

 Measurement in pixels 3.3.1.2.
and conversion to Angstroms .............................................. 36 



- vi - 

 Constructs for protein expression in E. coli .................. 37 3.3.1.3.

 Ion Mobility Spectrometry – Mass Spectrometry 3.3.1.4.
(IMS-MS) ............................................................................ 39 

 Analytical Ultra Centrifugation (AUC) ........................... 39 3.3.1.5.

 Native - Polyacrylamide Gel Electrophoresis 3.3.1.6.
(PAGE)............................................................................... 40 

3.3.2. Expression of fluorescent proteins in Arabidopsis 
thaliana ....................................................................................... 40 

 Fluorescent protein fusion construct cloning ................ 40 3.3.2.1.

 Floral dip transformation of Arabidopsis thaliana ......... 42 3.3.2.2.

 Surface sterilisation of Arabidopsis thaliana seeds ...... 42 3.3.2.3.

 Selection of transformed seeds ................................... 42 3.3.2.4.

 Selecting high expressing lines .................................... 43 3.3.2.5.

 Surface sterilisation of juvenile nematodes .................. 43 3.3.2.6.

 Infecting Arabidopsis thaliana with juveniles in 3.3.2.7.
tissue culture ...................................................................... 44 

3.3.3. Detecting uptake of fluorescent/fusion constructs ............... 44 

 Fluorescence microscopy ............................................ 44 3.3.3.1.

 Confocal Microscopy ................................................... 44 3.3.3.2.

3.4. Results ................................................................................................ 45 

3.4.1. Computational protein size prediction ................................. 45 

3.4.2. Protein analyses ................................................................. 48 

 Protein expression and removal of HIS tag .................. 48 3.4.2.1.

 Travelling wave ion mobility spectrometry – mass 3.4.2.2.
spectrometry ...................................................................... 52 

 Analytical Ultra Centrifugation ...................................... 52 3.4.2.3.

 Native PAGE ............................................................... 53 3.4.2.4.

3.4.3. In planta expression of fluorescent proteins ....................... 57 

 Cloning of expression constructs ................................. 57 3.4.3.1.

 Selection of transgenic Arabidopsis thaliana ................ 59 3.4.3.2.

 Selection of high expressing lines ................................ 59 3.4.3.3.

3.4.4. Uptake of fluorescent proteins ............................................ 63 

3.5. Discussion ........................................................................................... 67 

3.5.1. Quality of computational size predictions - RotaMol ........... 67 

3.5.2. Heterogeneity, quaternary structure, aggregation and 
their effects on feeding tube size exclusion ................................. 69 

3.5.3. Fluorescent proteins as a tool to test uptake ...................... 70 



- vii - 

3.5.4. Further resolution of cyst nematode feeding tube size 
exclusion ..................................................................................... 70 

3.5.5. Comparing nematode feeding tube size exclusion to 
other biological membranes. ....................................................... 71 

4. Identification of candidate feeding structure genes ................................ 74 

4.1. Introduction .......................................................................................... 74 

4.1.1. Effector identification strategies .......................................... 74 

4.2. Aims: ................................................................................................... 76 

4.3. Materials and methods ........................................................................ 77 

4.3.1. Data mining for candidate feeding structure genes ............. 77 

 Differential expression analysis ................................... 77 4.3.1.1.

 Predicted secreted protein pipeline of novel 4.3.1.2.
proteins .............................................................................. 77 

4.3.2. DNA and protein alignment ................................................ 78 

4.3.3. 3’RACE .............................................................................. 78 

4.3.4. Single nematode DNA extractions ...................................... 78 

 Whole Genome Amplification (WGA) ........................... 78 4.3.4.1.

 NaOH digestion ........................................................... 78 4.3.4.2.

 Chaos nucleic acid extraction buffer ............................ 79 4.3.4.3.

4.3.5. Tandem repeat analysis ..................................................... 79 

4.3.6. In vitro transcription ............................................................ 79 

4.3.7. Denaturing RNA gel electrophoresis .................................. 80 

4.4. Results ................................................................................................ 82 

4.4.1. Identification of genes that may encode components of 
the feeding structures ................................................................. 82 

 Expression analysis ..................................................... 82 4.4.1.1.

 Signal peptide and transmembrane prediction ............. 82 4.4.1.2.

 Similarity search .......................................................... 85 4.4.1.3.

4.4.2. Single copy genes .............................................................. 85 

4.4.3. Candidate 1078 misprediction ............................................ 85 

4.4.4. Candidate 448 gene family ................................................. 92 

 Candidate 448 highly conserved motif ......................... 92 4.4.4.1.

4.4.5. Candidate 444 gene family ................................................. 96 

 Cloning from cDNA ...................................................... 96 4.4.5.1.

 3’RACE........................................................................ 96 4.4.5.2.

 Single nematode analysis .......................................... 101 4.4.5.3.

 Apparent non-canonical splicing ................................ 105 4.4.5.4.



- viii - 

 444 gene family tree and transcript structure ............. 107 4.4.5.5.

 Tandem repeat analysis ............................................ 107 4.4.5.6.

 444 domain structure and modular organisation ........ 113 4.4.5.7.

4.5. Discussion ......................................................................................... 115 

4.5.1. Quality of genome assembly ............................................ 115 

4.5.2. Convergence of identification strategies ........................... 115 

4.5.3. Non-canonical splicing. .................................................... 116 

4.5.4. The complex 444 multi-gene family .................................. 117 

4.5.5. Copy number variation of 444 sequences between 
individuals of the same population ............................................ 118 

4.5.6. Inter-specific differences .................................................. 118 

5. Characterisation of candidate feeding structure genes ........................ 121 

5.1. Introduction ........................................................................................ 121 

5.1.1. Validating effector identification ........................................ 121 

5.1.2. Structures with the capacity to secrete proteins into the 
host 121 

5.1.3. Functional characterisation of effectors ............................ 122 

 Localisation ............................................................... 122 5.1.3.1.

 In planta interactions.................................................. 124 5.1.3.2.

 Loss of function knockdown ....................................... 124 5.1.3.3.

5.2. Aims 126 

5.3. Materials and methods ...................................................................... 127 

5.3.1. In situ hybridisation .......................................................... 127 

5.3.2. In planta RNA interference ............................................... 129 

5.3.3. Acid fuchsin staining and nematode infection 
quantification ............................................................................. 132 

5.3.4. Yeast-two-hybrid screens ................................................. 132 

5.3.5. Antigenicity prediction ...................................................... 133 

5.3.6. Embedding, sectioning and immunochemistry.................. 133 

5.4. Results .............................................................................................. 135 

5.4.1. Candidate 225 .................................................................. 135 

5.4.2. Candidate 3453 ................................................................ 137 

 Candidate 3453 in situ hybridisation .......................... 137 5.4.2.1.

 Candidate 3453 in planta RNA interference ............... 137 5.4.2.2.

5.4.3. Candidate 176 .................................................................. 143 

 Candidate 176 in situ hybridisation ............................ 143 5.4.3.1.



- ix - 

5.4.4. Candidate 444 gene family ............................................... 145 

 Candidate 444 in situ hybridisation ............................ 145 5.4.4.1.

 Yeast-two-hybrid analysis of candidates 444 and 5.4.4.2.
176 148 

 Candidate 444 and 176 bacterial expression and 5.4.4.3.
mass spectrometry ........................................................... 148 

 444 – Antigen design and immunolocalisation ........... 150 5.4.4.4.

 RNA interference of candidate 444 ............................ 155 5.4.4.5.

5.4.5. Candidate 448 gene family ............................................... 157 

 Candidate 448 in situ hybridisation ............................ 157 5.4.5.1.

 Candidate 448 RNA interference ............................... 159 5.4.5.2.

 Candidate 448 antibody design ................................. 159 5.4.5.3.

5.5. Discussion ......................................................................................... 162 

5.5.1. Effector identification strategies ........................................ 162 

5.5.2. The role of amphids during the feeding stages of 
Globodera pallida ...................................................................... 162 

5.5.3. RNA interference .............................................................. 163 

6. Analysis of the transcriptomes of cyst nematodes and related 
species ...................................................................................................... 167 

6.1. Introduction ........................................................................................ 167 

6.1.1. Related plant parasitic nematodes ................................... 167 

 The root knot nematode Meloidogyne incognita ......... 167 6.1.1.1.

 The reniform nematode Rotylenchulus reniformis ...... 167 6.1.1.2.

 The cyst nematode Globodera rostochiensis ............. 168 6.1.1.3.

6.1.2. Feeding structures in related plant parasitic nematodes ... 168 

 Feeding tubes ............................................................ 168 6.1.2.1.

 Feeding plugs ............................................................ 169 6.1.2.2.

 Feeding structures in different species ...................... 169 6.1.2.3.

6.1.3. DNA Sequencing and next generation technology ........... 171 

 History of DNA sequencing ........................................ 171 6.1.3.1.

 Next Generation Sequencing (NGS) .......................... 171 6.1.3.2.

 RNAseq ..................................................................... 172 6.1.3.3.

6.2. Aims 173 

6.3. Materials and methods ...................................................................... 174 

6.3.1. Biological material ............................................................ 174 

6.3.2. Nematode collection and RNA extraction ......................... 174 

 G. rostochiensis second stage juveniles .................... 174 6.3.2.1.



- x - 

 G. rostochiensis sedentary female feeding females ... 174 6.3.2.2.

 R. reniformis J2 .......................................................... 174 6.3.2.3.

 R. reniformis feeding stage ........................................ 174 6.3.2.4.

 RNA extraction and quality control ............................. 175 6.3.2.5.

6.3.3. Library construction, sequencing and quality control ........ 175 

6.3.4. Assembly ......................................................................... 176 

 In silico normalisation ................................................ 176 6.3.4.1.

 Trinity assembly ......................................................... 176 6.3.4.2.

 CLC bio assembly ..................................................... 177 6.3.4.3.

6.3.5. Mapping ........................................................................... 177 

 Mapping to genome - TopHat2 .................................. 177 6.3.5.1.

 Mapping to transcriptome - Bowtie2 ........................... 177 6.3.5.2.

6.3.6. Differential expression ...................................................... 177 

6.3.7. Gene predictions .............................................................. 178 

 Open reading frame prediction - Transdecoder .......... 178 6.3.7.1.

 CEGMA ..................................................................... 178 6.3.7.2.

6.3.8. Bioinformatic comparisons ............................................... 178 

 BLAT ......................................................................... 178 6.3.8.1.

 BLAST ....................................................................... 178 6.3.8.2.

 Secreted protein pipeline ........................................... 179 6.3.8.3.

6.4. Results .............................................................................................. 179 

6.4.1. RNA extractions and quality assessment ......................... 179 

6.4.2. RNAseq reads and quality control .................................... 180 

6.4.3. Assembled transcriptomes and quality assessment ......... 186 

 R. reniformis - Trinity .................................................. 186 6.4.3.1.

 R. reniformis – CLC ................................................... 186 6.4.3.2.

 G. rostochiensis – Trinity............................................ 186 6.4.3.3.

 G. rostochiensis – CLC .............................................. 187 6.4.3.4.

 Removal of contamination ......................................... 187 6.4.3.5.

6.4.4. Gene predictions and differential expression .................... 190 

 R. reniformis – within species gene cluster 6.4.4.1.
comparison ...................................................................... 190 

 G. rostochiensis – within species gene cluster 6.4.4.2.
comparison ...................................................................... 193 

6.4.5. Comparing gene expression clusters between species .... 196 

 Putative homologs between species .......................... 196 6.4.5.1.



- xi - 

 Functional categories in gene clusters between 6.4.5.2.
species ............................................................................. 196 

 Functional categories in secreted proteins at 6.4.5.3.
sedentary female stage between species ......................... 196 

6.4.6. Whole transcriptome comparison between R. reniformis 
and G. rostochiensis ................................................................. 202 

 BLAT ......................................................................... 202 6.4.6.1.

 Reciprocal Best BLAST Hit (RBBH) analysis ............. 202 6.4.6.2.

6.4.7. Presence of G. pallida candidate feeding structure 
genes in the R. reniformis and G. rostochiensis 
transcriptomes .......................................................................... 206 

 Gene 176 ................................................................... 206 6.4.7.1.

 Gene 3453 ................................................................. 207 6.4.7.2.

 444 gene family ......................................................... 212 6.4.7.3.

 Candidate 444 diversity in G. rostochiensis ............... 218 6.4.7.4.

 448 gene family ......................................................... 220 6.4.7.5.

6.4.8. Putative feeding tube components ................................... 223 

 Rotylenchulus reniformis ........................................... 223 6.4.8.1.

 Globodera rostochiensis ............................................ 223 6.4.8.2.

6.5. Discussion ......................................................................................... 224 

6.5.1. Transcriptome assembly and differential expression ........ 224 

 Limitations of Trinity assembly ................................... 224 6.5.1.1.

 Normalisation and differential expression .................. 225 6.5.1.2.

6.5.2. Contamination removal and Horizontal gene transfer 
(HGT)........................................................................................ 226 

6.5.3. Between species functional annotation comparison ......... 226 

6.5.4. Oxidoreductase activity .................................................... 227 

6.5.5. G. pallida candidate feeding structure genes in 
G. rostochiensis and R. reniformis. ............................................ 228 

 448 gene family ......................................................... 228 6.5.5.1.

 176 genes .................................................................. 229 6.5.5.2.

 444 gene family ......................................................... 229 6.5.5.3.

6.5.6. Putative orthologs between R. reniformis and 
G. rostochiensis ........................................................................ 230 

 Proposed functions of super-conserved orthologs ..... 230 6.5.6.1.

7. General discussion .................................................................................. 233 

7.1. Feeding tube size exclusion .............................................................. 233 

7.2. Feeding tube and feeding plug candidate genes ............................... 236 



- xii - 

7.3. Success of the identification strategy ................................................. 237 

7.3.1. Tandem repeat proteins ................................................... 239 

7.3.2. Tandem repeated genes .................................................. 245 

8. References ................................................................................................ 247 
 
  



- xiii - 

List of Figures 

Figure 1-1 The phylum Nematoda. ....................................................................... 2 

Figure 1-2 Schematic representation of a typical tylenchid nematode. ........... 10 

Figure 1-3 Feeding tubes of plant parasitic nematodes. . ................................. 12 

Figure 1-4 Feeding plugs of plant parasitic nematodes. ................................... 15 

Figure 3-1 The number of pixels measured by RotaMol with varying 
degrees of Pixelskip for a single viewing angle of GFP. ......................... 46 

Figure 3-2 Empirically derived optimum values for RotaMol parameters. ....... 46 

Figure 3-3 Comparison between RotaMol predictions and existing 
prediction methods. ................................................................................... 47 

Figure 3-4 Elution Chromatograms for GFP and mRFP respectively. ............. 49 

Figure 3-5 Elution Chromatograms for Dual PI and a blank run. ..................... 50 

Figure 3-6 Removing His tag from expressed proteins by thrombin 
digestion. .................................................................................................... 51 

Figure 3-7 ESI-TWIMS-MS drift plot of GFP, mRFP and Dual PI. ...................... 54 

Figure 3-8 Absorbance scans at a range of wavelengths before and after 
5 minute 14,000g centrifugation. ............................................................... 55 

Figure 3-9 Analytical Ultra-Centrifugation (AUC) absorbance plots of 
mRFP, GFP and DUAL PI. .......................................................................... 55 

Figure 3-10 Analysis of Dual PI multimers by native polyacrylamide gel 
electrophoresis. ......................................................................................... 56 

Figure 3-11 Typical cloning procedure for plant transformation vectors 
using iLOV as an example. ........................................................................ 58 

Figure 3-12 Selection of successfully transformed Arabidopsis thaliana. ...... 60 

Figure 3-13 Selection of high expressing transgenic Arabidopsis 
thaliana. ...................................................................................................... 61 

Figure 3-14 Detection of intact fusion constructs, expressed in planta, by 
western blot. plants (iLOV). ........................................................................ 62 

Figure 3-15 Fluorescence microscopy to detect uptake of fluorescent 
proteins by cyst nematodes. ..................................................................... 64 

Figure 3-16 Confocal microscopy to detect uptake of mRFP. .......................... 65 

Figure 3-17 Confocal microscopy to detect uptake of DRONPA. ..................... 66 

Figure 3-18 GFP and mRFP external charge comparison. ................................ 68 

Figure 4-1 Expression analysis of candidate feeding structure genes. ........... 83 

Figure 4-2 Typical positive output from signal peptide prediction using 
SignalP v4.1. ............................................................................................... 84 

Figure 4-3 Typical negative output from transmembrane domain 
prediction using TMHMM. .......................................................................... 84 



- xiv - 

Figure 4-4 Pipeline overview for identification of putative feeding 
structure components. .............................................................................. 89 

Figure 4-5 Transmembrane predictions on predicted and cloned 1078 
sequences. ................................................................................................. 90 

Figure 4-6 Alignment of mispredicted and cloned 1078 protein 
sequences. ................................................................................................. 91 

Figure 4-7 Expression of all G. pallida 448 genes across the life cycle. .......... 93 

Figure 4-8 Phylogeny of 448 genes of G. pallida and G. rostochiensis. ........... 94 

Figure 4-9 Motif common to all 448 sequences. ................................................ 95 

Figure 4-10 First 444 PCR amplification of cDNA. ............................................. 98 

Figure 4-11 3’ Untranslated regions of 444 groups A, B and C identified 
by 3’ RACE.................................................................................................. 99 

Figure 4-12 Schematic representation of 444 family gene structure, 
available primer pairs, and resultant PCR products on genomic 
DNA. .......................................................................................................... 100 

Figure 4-13 Whole genome amplification of single nematodes. .................... 102 

Figure 4-14 PCR on single nematode NaOH DNA extractions. ....................... 103 

Figure 4-15 Single nematode Chaos DNA extraction. ..................................... 104 

Figure 4-16 Non-canonical apparent splicing of 444 genes............................ 106 

Figure 4-17 Phylogenetic tree of genomic 444 DNA sequences. ................... 109 

Figure 4-18 Within subfamily deduced amino acid sequence from 444 
genomic sequences. ................................................................................ 110 

Figure 4-19 Schematic representation of 444 gene family transcript 
structure. .................................................................................................. 111 

Figure 4-20 Tandem repeat analysis of 444 genes. ......................................... 112 

Figure 4-21 Schematic representation of 444 domain organisations. ........... 114 

Figure 5-1 Preparation of probes for candidate 225 in situ hybridisation. .... 136 

Figure 5-2 Candidate 225 in situ hybridisation. ............................................... 136 

Figure 5-3 Candidate 3453 in situ hybridisation probe preparation. .............. 139 

Figure 5-4 Candidate 3453 in situ hybridisation. ............................................. 139 

Figure 5-5 Typical transgenic hairy root transformation in tissue culture. ... 140 

Figure 5-6 Semi-quantitative RT-PCR of candidate 3453 and GFP inverted 
repeat RNAi construct expression in hairy roots. ................................. 141 

Figure 5-7 Candidate 3453 RNAi hairy root infections. ................................... 142 

Figure 5-8 Candidate 176 in situ hybridisation probe. .................................... 144 

Figure 5-9 Candidate 176 in situ hybridisation. ............................................... 144 

Figure 5-10 Generic 444 in situ hybridisation probe design. .......................... 146 

Figure 5-11 Candidate 444 in situ hybridisation probe PCR. .......................... 146 



- xv - 

Figure 5-12 5-13 Candidate 444 in situ hybridisation. ..................................... 147 

Figure 5-14 444 and 176 Yeast-two-hybrid analysis. ....................................... 149 

Figure 5-15 444 antigenic regions for peptide design. .................................... 151 

Figure 5-16 444 Immunolocalisation - Peptide design and antiserum 
quality control. ......................................................................................... 152 

Figure 5-17 444 antiserum specificity control. ................................................ 153 

Figure 5-18 Immunolocalisation of 444 proteins in infected root tissue. ....... 154 

Figure 5-19 Semi-quantitative RT-PCR of 444-A-IR hairy roots. ..................... 156 

Figure 5-20 In planta RNAi of 444 genes. ......................................................... 156 

Figure 5-21 Candidate 448 in situ hybridisation probe. .................................. 158 

Figure 5-22 Candidate 448 in situ hybridisation. ............................................. 158 

Figure 5-23 448 triple inverted repeat construct.............................................. 160 

Figure 5-24 448 antigen design. ........................................................................ 161 

Figure 6-1 Phylogenetic distribution and morphology of feeding tubes 
and feeding plugs. ................................................................................... 170 

Figure 6-2 RNA extraction quality control........................................................ 182 

Figure 6-3 FastQC report of GC content of G. rostochiensis sedentary 
female reads identifies putative contamination. .................................... 184 

Figure 6-4 Length distribution of reads following quality score trimming. ... 185 

Figure 6-5 Comparison of contig size between assembly methods. ............. 188 

Figure 6-6 Analysis of GC content of transcripts removed from 
G. rostochiensis assembly. ..................................................................... 189 

Figure 6-7 R. reniformis gene expression clusters. ........................................ 191 

Figure 6-8 Blast2GO cellular component analysis of differentially 
expressed gene clusters for R. reniformis. ............................................ 192 

Figure 6-9 G. rostochiensis gene expression clusters. ................................... 194 

Figure 6-10 Blast2GO cellular component analysis of differentially 
expressed clusters for G. rostochiensis. ................................................ 195 

Figure 6-11 Gene ontology terms for secreted proteins at sedentary 
female for G. rostochiensis and R. reniformis. ....................................... 198 

Figure 6-12 Blast2GO comparison between secreted proteins up-
regulated at sedentary female for R. reniformis and 
G. rostochiensis. ...................................................................................... 199 

Figure 6-13 Expression of glutathione synthetase genes in 
G. rostochiensis. ...................................................................................... 200 

Figure 6-14 Expression of glutathione synthetase genes in R. reniformis. ... 201 

Figure 6-15 Frequency distribution of percentage identity of putative 
homologs between R. reniformis and G. rostochiensis. ........................ 204 



- xvi - 

Figure 6-16 Comparison of expression between species of two example 
highly conserved homologs. ................................................................... 205 

Figure 6-17 Phylogenetic tree of 176 genes in cyst nematodes. .................... 208 

Figure 6-18 Comparison of expression of 176-like sequences in 
G. rostochiensis and G. pallida. .............................................................. 209 

Figure 6-19 Phylogenetic tree of 3453 genes in cyst and reniform 
nematodes. ............................................................................................... 210 

Figure 6-20 Comparison of expression of 3453-like genes in 
G. rostochiensis, R. reniformis and G. pallida. ....................................... 211 

Figure 6-21 Phylogenetic analysis of all 444 sequences from G. pallida, 
G. rostochiensis, R. reniformis and H. glycines. .................................... 213 

Figure 6-22 Protein alignment of 444-B like sequences from G. pallida, 
G. rostochiensis and R reniformis. ......................................................... 217 

Figure 6-23 Comparison of expression of 444 genes in G. rostochiensis, 
R. reniformis and G. pallida. .................................................................... 217 

Figure 6-24 Comparison of candidate 444 genes in G. pallida and 
G. rostochiensis. ...................................................................................... 219 

Figure 6-25 Phylogenetic tree of 448 proteins in G. pallida, 
G. rostochiensis and R. reniformis. ........................................................ 221 

Figure 6-26 Comparison of 448 gene expression in G. rostochiensis, 
R. reniformis and G. pallida. . .................................................................. 222 

Figure 7-1 Predicted structure of the leucine rich repeat domain of plant 
resistance proteins. ................................................................................. 241 

Figure 7-2 Transcription activator like effectors DNA-bound structure......... 243 

 
  



- xvii - 

List of Tables: 

Table 2-1 General primers common to multiple Chapters ................................ 31 

Table 3-1 Summary of primers to cloning Dual PI, mRFP and GFP for 
expression in E. coli and subsequent size measurement. ...................... 38 

Table 3-2 Primers to clone fluorescent protein fusion construct for plant 
transformation vectors .............................................................................. 41 

Table 3-3 Summary of molecular mass, size, and uptake of mRFP, GFP 
and Dual PI ................................................................................................. 54 

Table 3-4 Summary of fluorescent protein fusion constructs and 
previously reported uptake by cyst nematodes. ...................................... 57 

Table 4-1 Primer sequences, annealing temperatures and expected 
product sizes where applicable. ............................................................... 81 

Table 4-2 Summary of candidate feeding structure genes identified 
including expression at each life stage and BLAST hits. ........................ 86 

Table 5-1 In situ hybridisation primers, annealing temperatures and 
expected amplicon size. .......................................................................... 128 

Table 5-2 RNAi construct primers, expected annealing temperatures and 
product sizes. ........................................................................................... 131 

Table 6-3 Summary of quality control data for RNA samples. ....................... 181 

Table 6-4 Summary of raw and trimmed reads. .............................................. 183 

Table 6-5 Transcriptome assembly quality assessment. ............................... 189 

 

 

  



- xviii - 

List of abbreviations: 

DNA   Deoxyribonucleic acid 

RNA   Ribonucleic acid 

dpi   Days post infection 

DRONPA  Reversibly switchable photoactivatable fluorescent protein 

EDTA   Ethylenediaminetetraacetic acid 

EST   Expressed sequence tag 

GFP   Green fluorescent protein 

g   Gravitational force 

g   Grams 

h   Hours 

iLOV Fluorescent protein derived from light, oxygen or voltage-
sensing domain of the plant blue light receptor, phototropin. 

J2   Juvenile nematode (second stage) 

m   Metre 

mRFP   Monomeric Red fluorescent protein 

mRNA    Messenger RNA 

MS   Murashige and Skoog 

PBS   Phosphate buffered saline 

PCR   Polymerase chain reaction 

PVDF   Polyvinylidene fluoride 

qPCR   Quantitative real-time PCR 

RKN    Root-knot nematode 

RNAi    Ribonucleic acid interference 

RPM    Rotations per minute 

s   Seconds  

TMHMM  Trans membrane hidden Markov model 

μ   Micro 

Y2H   Yeast-two hybrid



- 1 - 

1. General Introduction 

1.1. Nematoda 

Nematodes are unsegmented, bilaterally symmetrical roundworms, with over 
23,000 species identified to date. Although it is difficult to estimate the total number 
of nematode species accurately, due to the fact that many species live underground 
and in river and sea beds, it is suggested that they extend into the millions (Blaxter, 
2011). There is almost no characterised fossil record for nematodes as many are 
microscopically small and all are soft bodied. The earliest nematode fossil on record 
dates from approximately 400 million years ago (Poinar et al., 2008). However, the 
phylum Nematoda is hypothesised to have originated during the Cambrian 
explosion that occurred approximately 550 – 600 million years ago (van Megen et 
al., 2009). Nematodes are one of the most speciose groups of all animals, and are 
present in virtually all marine, freshwater and terrestrial environments (van Megen 
et al., 2009). In marine environments nematodes outnumber every other animal 
many fold (Blaxter, 2011, Creer et al., 2010). Although body morphology is 
generally conserved, with the majority showing a vermiform body plan, there is a 
wide range of body sizes spanning 4 orders of magnitude from less than 1 mm to 
several metres (Blaxter, 2011). Nematodes can be free-living, plant-, or animal-
parasites, predators or necrotrophs.  

1.2. Nematode phylogeny 

Nematodes diverged before arthropods in the Animalia branch of the tree of life. 
The most comprehensive and recent phylogenetic analysis of nematodes is based 
on the Small Subunit ribosomal DNA (SSU rDNA) sequence of over 1200 species 
has resolved the phylum Nematoda into 12 clades highlighted in Figure 1-1 (van 
Megen et al., 2009). This subdivision is broadly consistent with previous work in 
which nematodes are divided into three main groups, the Enoplia, Dorylaimia, and 
Chromadoria (Figure 1-1). Despite the heavy bias of modern phylogenies towards 
economically important, and typically parasitic, species the Enoplia contain almost 
exclusively free-living nematodes. Insect, animal or plant parasites are found in 
both the Dorylaimia and Chromadoria, the latter being the most well studied. 
Chromadoria contain the most economically devastating plant parasitic nematodes 
(Tylenchina), animal parasitic nematodes of global importance, and by far the most 
well studied nematode; the model organism Caenorhabditis elegans.   
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Figure 1-1 The phylum Nematoda. Schematic representation of small subunit 
ribosomal DNA phylogeny of nematodes from Jones et al. (Jones et al., 2013) 
can be divided into three main groups; Dorylaimia, Enoplia and Chromadoria. 
The most recent phylogeny of 1200 species has further subdivided the 
phylogeny into 12 clades (van Megen et al., 2009). Various feeding modes 
are indicated by small icons. Representatives of each clade containing plant-
parasitic nematodes are shown with images. In each of these clades the stylet 
appears to have evolved independently. 
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1.3. Plant parasitic nematodes 

It has been suggested that at least one species of parasitic nematode has been 
identified for almost every plant and animal species on the planet (Blaxter, 2011). 
Although parasitic nematodes constitute the overwhelming minority of nematode 
species, they are amongst the most widely studied groups due to their economic 
and medical importance (van Megen et al., 2009). Plant parasitic nematodes have 
been identified in four of the 12 clades proposed by van Megen et al. (van Megen et 
al., 2009). Clades 1 and 2 contain migratory ectoparasitic species including 
Trichodorus (Clade 1), Xiphinema and Longidorus (Clade 2). Although Clade 10 is 
composed mainly of fungal feeding nematodes, it also includes two plant parasitic 
species of Bursaphelenchus and plant-parasitic (foliar) Aphelenchoides species 
(e.g. A. fragariae). However, the majority of plant parasitic species, including the 
most economically important nematodes, are found within Clade 12.  

Plant-parasitism by nematodes encompasses a diverse array of parasitism 
strategies that can be subdivided into two groups, endo-parasitism and ecto-
parasitism. Those nematodes that are ecto-parasites spend their entire lifecycle, 
including the parasitic stages, outside their host (e.g. Trichodorus similis). They 
typically feed on root epidermal cells as they migrate in the soil. Those that are 
endo-parasites are hypothesised to be more highly adapted than ectoparasites, 
spending at least part of their life cycle, and in some cases their entire life, within 
the host (Jones et al., 2013). These nematodes are often highly destructive.  

Endo-parasites can be further subdivided into the migratory and sedentary species. 
Both lifestyles are found in Clade 12. The former feed as they migrate within host 
tissues, causing tissue damage, often resulting in necrotic lesions. These 
nematodes form no biotrophic interactions. In addition, Clade 12 includes two main 
groups of sedentary endoparasitic nematodes, the cyst nematodes (CN) and the 
root-knot nematodes (RKN). In both cases, the nematodes invade the root, and 
modify host root tissue to create a unique and highly metabolically active nutrient 
sink from which they feed for the duration of their life (Kyndt et al., 2013). 

All sedentary endo-parasites in Clade 12 form obligate biotrophic interactions. This 
remarkable dependency on the host, and the ability to induce feeding sites, appears 
to have evolved on at least two separate occasions in Clade 12 (the RKNs and the 
CNs). However, given the range and diversity of nematode feeding sites within this 
clade, this is probably an underestimate. Although the life cycles of the RKNs and 
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the CNs are quite different, both spend the majority of their non-dormant life within 
the host, and both create a feeding site that is their sole source of external nutrition. 

1.3.1. Root-knot nematodes 

Root-knot nematodes are the most widespread sedentary endoparasitic 
nematodes. Some species are remarkable in that despite the close and presumably 
highly specialised biotrophic interaction, they are capable of infecting thousands of 
plant species (Trudgill, 1997). The life cycle of a root knot nematode, such as 
Meloidogyne incognita, starts when the second stage juveniles (J2) hatch from 
eggs in the soil. It is hypothesised that J2s may find their host by sensing gradients 
of ions, CO2, pH or amino acids in the rhizosphere of growing plants (Perry, 1996). 
Once a host is located, they enter the root, often at the zone of elongation (Wyss 
and Grundler, 1992). By using a combination of mechanical disruption and 
degradation of cell wall polysaccharides by enzymatic secretions, they migrate 
intercellularly (between cells). The J2s initially move towards the growing root tip 
and then change direction at the root apical meristem prior to migrating towards the 
differentiating vascular cylinder (Wyss and Grundler, 1992). Once they reach pro-
vascular cells the J2s stop migrating and initiate the formation of a feeding site. 
Each root knot nematode induces the formation of several modified cells, termed 
giant cells, from which they feed. Giant cells are created from individual 
parenchymal cells, by induction of multiple rounds of mitosis in the absence of 
cytokinesis. Normal cell division appears to be arrested at the formation of the cell 
plate in the giant cells, and vesicles that would normally fuse to form the cell plate 
instead disperse resulting in a binucleate cell. This process of mitosis in the 
absence of cytokinesis is repeated several times resulting in a mature giant cell that 
may contain up to 32 nuclei (Gheysen and Fenoll, 2002). The cell wall between two 
adjacent giant cells is characterised by well-developed ingrowths (Jones et al., 
1974). A large increase in the number of plasmodesmata between adjacent giant 
cells is also observed suggesting that de novo plasmodesmata formation may have 
occurred (Jones et al., 1974). Proliferation of cortical and vascular tissue 
surrounding the giant cells results in a large gall that gives rise to the common 
name “root-knot nematode”. 

Feeding by root-knot nematodes occurs in phases, with pumping of the metacorpal 
bulb and subsequent withdrawal of host cell assimilate through the stylet. Root-knot 
nematodes induce several giant cells and feed on these sequentially, resulting in a 
characteristic pattern of head movement and stylet insertion (Wyss and Grundler, 
1992). After formation of the giant cells, root-knot nematodes undergo three moults 
while feeding is arrested. Feeding is then resumed following the final moult to 
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female. Females feed for several weeks as they mature and swell. Females deposit 
eggs in a gelatinous matrix inside, or on the surface of, the gall.  

1.3.2. Cyst nematodes 

Cyst nematodes (including Globodera and Heterodera species) often have a highly 
restricted host range that is reflected in their common names (e.g. potato cyst 
nematode, soybean cyst nematode). In the UK, the potato cyst nematode is the 
most economically important plant parasitic nematode, causing losses to UK 
agriculture in excess of £50 million per year (UK Potato Council, 2013). Potato cyst 
nematodes (PCN) are thought to have originated from South America (Plantard et 
al., 2008, Grenier et al., 2010). It is hypothesised that PCN were introduced to 
Europe in the 19th Century along with potato material used for resistance breeding 
against the late blight pathogen Phytophthora infestans (Evans et al., 1975). 
Several introductions to Europe gave rise to the current populations (Hoolahan et 
al., 2012, Papayiannis et al., 2013, Picard et al., 2004). Two species of potato cyst 
nematode are present in the UK; Globodera pallida and Globodera rostochiensis. 
The H1 resistance gene, now present in many commercially viable cultivars (e.g. 
Maris Piper), provides effective control against the most prevalent European 
G. rostochiensis pathotype; Ro1. Widespread use throughout the UK has 
successfully suppressed this species, but has inadvertently led to an increase in 
prevalence of G. pallida; now present in 64% of potato growing fields (Minnis et al., 
2002). No commercially viable resistant varieties are available for G. pallida. 
Current control measures rely on integrated pest management strategies of crop 
rotation, nematicides and trap crops. However, DEFRA’s potato cyst nematode 
management guidelines suggest that growing potatoes more frequently than once 
every 6 years in infected fields provides no control against the pathogen.  

1.3.3. The life cycle of cyst nematodes 

The second stage juvenile (J2) of a typical cyst nematode, like that of RKNs, is the 
infective stage. The J2s hatch from eggs within cysts in response to the presence of 
host root diffusates. This ensures that the host-specific nematodes only hatch in the 
presence of a plant that they can infect, in contrast to the J2 of RKN that tend to 
hatch when conditions (temperature) are favourable for plant growth (Devine et al., 
1996). It is generally accepted that chemosensory sensilla in the main sense 
organs, the amphids, mediate detection of gradients of either ions, CO2, pH or 
amino acids in the rhizosphere of growing plants (Perry, 1996). Once they reach 
their host the J2s use a rapid thrusting action of their needle-like stylet, coupled with 
the secretion of cell wall degrading enzymes, to migrate intra-cellularly (through 
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cells), towards the vascular tissue, causing damage to the root tissue as they do so 
(Atkinson et al., 1995). This thrusting action of the stylet becomes more delicate 
and exploratory when the nematode is choosing an initial cell which will eventually 
become the highly metabolically active feeding site, known as a syncytium. In vivo 
observations of Heterodera schachtii feeding on Arabidopsis thaliana indicate that 
this initial syncytial cell (ISC) is selected based on the response from the plant to 
the insertion of the nematode stylet (e.g. the protoplast retains its shape (Urwin et 
al., 1997b) and the lack of callose-like depositions (Wyss and Grundler, 1992)). 
Once the ISC has been selected the nematode becomes sedentary. Observations 
show that feeding occurs in three phases (Wyss and Grundler, 1992). In Phase I, 
often the longest of the three, the stylet is inserted into the feeding site across the 
cell wall and contacts the plasma membrane. Cell contents are then ingested by 
continuous and rapid metacorpal bulb pumping. In Phase II the stylet is retracted 
before later being reinserted into the syncytium. Phase III is characterised by a 
continuous forward movement of secretory granules through the stylet into the 
syncytium (Wyss, 1992, Wyss and Grundler, 1992). It has been suggested that cyst 
nematodes are capable of withdrawing 4 times their body volume of host cell 
cytoplasm per day (Sobczak et al., 1997). During the following 1-2 weeks, feeding 
nematodes develop into either males or females. Sex determination in cyst 
nematodes in unclear, although it is thought that the size and ‘quality’ of the 
syncytium plays a key role (Sobczak and Golinowski, 2011). Syncytia resulting in 
poor nutrition for the nematode are observed to more frequently give rise to males. 
Males arrest feeding, moult within the cuticle and regain motility to become 
migratory once more. Females swell as they feed for a number of weeks. Fertilised 
females produce eggs within their body and their cuticle tans as a result of 
polyphenol oxidase activity to form a tough cyst that encloses the eggs. Cysts 
become detached from roots and can remain viable in the soil for decades.   

1.3.4. Syncytia 

Although root-knot nematode giant cells and cyst nematode syncytia are 
morphologically and developmentally distinct, the two structures show similar 
cellular features including reduced vacuoles and extensive proliferation of the 
smooth endoplasmic reticulum (SER), ribosomes, mitochondria and plastids 
(Gheysen and Fenoll, 2002, Gray et al., 1994, Bleve-Zacheo et al., 1997). In the 
early stages of syncytium induction, plasmodesmata between the ISC and the 
surrounding cells become enlarged and the walls between the cells partially 
degrade. Eventually the protoplasts of the ISC and its surrounding cells become 
fused to generate the multinucleate syncytium. This process is repeated so that 
additional layers of cells become incorporated into the syncytium. Prior to 
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incorporation adjacent cells appear to undergo mitosis (de Almeida Engler et al., 
1999). The detection of CYCB1;1 transcripts inside the syncytium has led to the 
hypothesis that a shortened cell cycle (endoreduplication) until at least phase G2 is 
repeatedly stimulated to contribute to the greatly enlarged nuclei (de Almeida 
Engler and Gheysen, 2013, de Almeida Engler et al., 1999). Syncytia are also 
characterised by a reduced central vacuole and cytoplasm enriched in subcellular 
organelles and are highly metabolically active (Wyss and Grundler, 1992, Sobczak 
et al., 1999). The first cell wall openings between the ISC and its neighbouring cells 
are visible six hours after selection of the initial syncytial cell (Grundler et al., 1998), 
and a mature syncytium, composed of approximately 200 cells, reaches its 
maximum size ten days after infection (Urwin et al., 1997a). Once formed the 
syncytium is the sole source of nutrition for the remainder of the nematode’s life. 

Formation of the syncytium involves remarkable changes in gene expression with 
genes often differentially regulated by several orders of magnitude (Bauters et al., 
2014). Moreover, a microarray analysis of syncytia induced by Heterodera schachtii 
in Arabidopsis showed that 18.4% of the 21,138 Arabidopsis genes tested were up 
regulated and 15.8% were down regulated when compared to uninfected controls 
(Szakasits et al., 2009). These profound changes in gene expression, and the 
consequent structural changes that occur during syncytium development are 
attributed to the actions of nematode effectors (Haegeman et al., 2012).  

1.3.5. The role of effectors in cyst nematode biotrophy 

Effectors play a critical role in the interactions of many plant pathogens, including 
nematodes, with their hosts. Although there are many widely varying definitions of 
effectors, for the purpose of this thesis the broad definition of effectors is used: 
Proteins (or other factors) secreted by a pathogen into its host in order to 
manipulate the host to the advantage of the pathogen.  

Although nematodes have numerous tissues with the capacity to secrete proteins 
into the host (amphids, hypodermis, vulva), nematode effectors are classically 
hypothesised to originate from the oesophageal gland cells; two subventral and one 
dorsal (Figure 1-2). Based on observations of structural changes throughout the life 
cycle, the subventral gland cells are hypothesised to secrete effectors involved in 
invasion while the dorsal gland cell secretions are hypothesised to be involved in 
induction and maintenance of the feeding site (Hussey, 1989, Abad et al., 2008, 
Davis et al., 2004).  
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Effectors clearly play a key role in several aspects of the biology of cyst nematodes 
and particularly their interactions with their hosts. A variety of genes encoding cell 
wall degrading enzymes have been identified from several plant-parasitic nematode 
species including cyst and root-knot nematodes. These genes have high homology 
to bacterial sequences, are absent from most other animals and are therefore likely 
to have been acquired by Horizontal Gene Transfer (HGT) (Haegeman et al., 2011, 
Danchin et al., 2010). For example, a well characterised functional GH28 
polygalacturonase has been identified in RKN and is expressed in the subventral 
gland cells (Jaubert et al., 2002). These proteins are likely to be involved in the 
breakdown of cell walls to aid the nematode in migration. 

Cyst nematodes spend a significant proportion of their life within the host plant. Like 
other plant pathogens, cyst nematodes have evolved methods of suppressing host 
defences (Postma et al., 2012, Jaouannet et al., 2013). For example, a secreted 
SPRY domain-containing protein from the Clade 12 cyst nematode Globodera 
rostochiensis is able to suppress disease resistance responses mediated by the 
most common class of plant resistance genes; Coiled-coil Nucleotide-binding 
Leucine-rich repeat receptors (Postma et al., 2012). In addition, the 30C02 effector 
of the cyst nematode Heterodera glycines is able to interact with a plant ß-1,3-
endoglucanase as confirmed both in Yeast-two-Hybrid (Y2H) and in planta 
analyses (Hamamouch et al., 2012). Transgenic over-expression of 30C02 in 
Arabidopsis thaliana results in increased susceptibility to nematode infection. 
Additionally, either in planta RNA interference targeting 30C02 or a T-DNA insertion 
mutant defective in the host target result in reduced susceptibility. While ß-1,3-
endoglucanases are often involved in plant defence, it is hypothesised that the 
physical interaction with 30C02 may reduce callose deposition around the stylet 
thus suppressing the host defences. Interestingly these susceptibility phenotypes 
are cyst nematode specific, and no effect was observed with the root-knot 
nematode M. incognita.  

Effectors also need to be produced that induce and maintain the feeding site, 
although due to the technical difficulties in working with an obligate biotroph, little 
information is available for these. However, it is known that plant-parasitic 
nematodes have evolved short proteins/peptides that mimic endogenous plant 
peptide hormones. The CLAVATA-like (CLE peptides) of the cyst nematode 
Heterodera schachtii are apparently secreted into syncytia and subsequently 
transported to the apoplasm by plant mechanisms (Replogle et al., 2011). Since 
endogenous plant-CLEs carry out a range of functions, the precise role of the 
nematode peptides in parasitism is unclear, although they appear to be functional in 
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planta. A Heterodera glycines CLE peptide can complement an Arabidopsis 
thaliana CLE mutant (Wang et al., 2005) and over-expression of a nematode 
derived CLE peptide in A. thaliana results in a ‘wuschel-like’ phenotype similar to 
that caused by over expression of endogenous CLE peptides (Wang et al., 2011). 
These signalling peptides are some of the best characterised effectors in plant 
parasitic nematodes. The CLE-like peptides have been identified in both cyst and 
root-knot nematodes and are one of the few features that are shared between these 
two groups, leading to a suggestion that they play a fundamental role in the 
development of two morphologically diverse feeding sites. In addition, effector 
19C07 from Heterodera species (H. glycines and H. schachtii), expressed in the 
dorsal gland cell of parasitic stage J2/J3 is hypothesised to be involved in feeding 
site development (Lee et al., 2011). This effector specifically interacts with the A. 
thaliana auxin influx transporter LAX3. It is proposed that this interaction increases 
LAX3-dependent auxin influx and may provide a mechanism to stimulate cell wall 
hydrolysis for syncytium development.   
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Figure 1-2 Schematic representation of a typical tylenchid nematode. Effectors 
have been identified that are secreted from the pharyngeal gland cells (dorsal 
and subventral) via the stylet, and directly into the apoplasm from either the 
hypodermis or the amphid openings.  
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1.3.6. Nematode feeding structures 

Electron microscopy studies have identified two key feeding structures produced by 
the nematode that are directly associated with the plant-nematode interface, the 
feeding tube and the feeding plug (Holtmann et al., 2000, Endo, 1978, Rebois, 
1980, Razak and Evans, 1976, Rebois et al., 1975). Feeding tubes are produced 
inside the feeding site and are thought to act as molecular sieves (Eves-van den 
Akker et al., 2014b). Feeding plugs appear as electron dense material intimately 
associated with the plant-nematode interface and are located in the apoplast 
between the anterior end of the nematode and the feeding site (Endo, 1978).  

1.3.7. Feeding tubes 

Feeding tubes appear to be specifically associated with plant-parasitic nematodes 
and have been described for species in Clade 1 and two groups of nematodes in 
Clade 12, suggesting an essential role in plant parasitism. However, the feeding 
tubes of migratory ectoparasites, such as Trichodorus similis (Clade 1) form around 
the stylet as it is inserted into the host cell. These feeding tubes can form without 
interaction with the host cell cytoplasm, bridge the cell wall and are open ended. 
The stylet of T. similis is completely solid at the anterior end (Wyss et al., 1979), 
and so it is impossible for it alone to function as a means to withdraw host cell 
cytoplasm. It is therefore hypothesised that the feeding tube of the Clade 1 plant-
parasitic nematodes, with its open distal end, represents the true functional 
analogue for withdrawing host cell assimilates (Eves-van den Akker et al., 2014b). 
The name of these structures is somewhat misleading as they seem to have a 
different functional role from those produced in other nematode species. 

Two independently evolved groups of obligate biotrophs within Clade 12 (RKN and 
cyst/reniform nematodes) both produce intracellular feeding tubes. Morphological 
comparison of the feeding tubes of the two groups suggests they are structurally 
different (Figure 1-3) (Hussey and Mims, 1991, Rebois, 1980, Wyss, 1992). Taken 
together, these findings suggest that feeding tubes within Clade 12 represent an 
excellent example of convergent evolution. 
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Figure 1-3 Feeding tubes of plant parasitic nematodes. A) Feeding tubes (FT) of 
the Clade 1 plant parasitic nematode Trichodorus similis appear to bridge the 
cell wall (CW) and disrupt the plasmalemma (Pl) (modified from (Wyss et al., 
1979)). Congealed cytoplasm can be seen where the feeding plug (P) 
contacts the host cell cytoplasm. B) Feeding tubes of Clade 12 plant parasites 
form inside the host cell cytoplasm, at the end of the stylet orifice (S), and 
contact the plasma membrane (PM) exemplified by Rotylenchulus reniformis 
(B-i modified from (Rebois, 1980)). Within the Clade 12 plant parasites, two 
morphologically distinct feeding tubes exist as seen from cross sections: the 
electron dense mesh of the cyst nematode feeding tube (B-ii), and the regular 
lattice structure of the root-knot nematode feeding tube (B-iii). No cross 
sections are available for T. similis, although longitudinal sections do not 
indicate a regular lattice structure.  
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Feeding tubes of Clade 12 plant-parasitic nematodes are blind ended tubes that 

form from nematode secretions within the feeding site at the end of the stylet orifice. 

Although no components of feeding tubes have been identified, they are 

hypothesised to be of nematode origin. Different nematode species infecting the 

same plant produce feeding tubes characteristic of their species. Similarly, 

nematodes that infect different plant species produce a similar feeding tube in each 

host (Hussey and Mims, 1991). In vivo observations suggest that feeding tube 

components originate from the pharyngeal gland cells although no direct evidence 

has yet been provided (Grundler and Böckenhoff, 1997). 

Feeding tubes have been hypothesised to assemble in response to an unknown 
interaction with the host cell cytoplasm (Rumpenhorst, 1984, Berg et al., 2009, 
Sobczak and Golinowski, 2009, Sobczak et al., 1999) as inducing sedentary 
parasitic nematodes to secrete pharyngeal gland contents in vitro does not result in 
the formation of feeding tubes (Hussey and Mims, 1991). A new feeding tube is 
formed before each bout of feeding, and is detached from the stylet orifice and 
discarded after feeding and stylet withdrawal. Discarded feeding tubes persist for 
up to 14 days post production, and accumulate within the feeding site (Hussey and 
Mims, 1991). Everything the nematode ingests during its juvenile and adult life must 
pass through the walls of the feeding tube. Intracellular feeding tubes are often 
associated with whorls of membrane systems, with an unknown function that 
resemble smooth endoplasmic reticulum (Rebois, 1980, Sobczak et al., 1999, 
Grundler and Böckenhoff, 1997). It has been hypothesised that the elaborate 
membrane systems associated with feeding tubes may provide direct synthesis and 
transport of nutrients into the tube or in some way facilitate feeding tube formation 
(Grundler and Böckenhoff, 1997) as they still form around, or remain attached to, 
discarded feeding tubes (Hussey and Mims, 1991). 

1.3.8. Feeding tube function 

Despite the morphological differences between them, the feeding tubes of the 
various sedentary endoparasitic nematodes probably share a common function that 
may be vital to parasitism of plants. It is likely that feeding tubes facilitate uptake of 
soluble assimilates from the feeding cells (Hussey and Mims, 1991). It has been 
hypothesised that the feeding tube may act as a molecular sieve, excluding large 
debris from being taken up by the nematode during bouts of feeding. Exclusion of 
some macromolecules rather than others, on the basis of size, may confer several 
benefits to the nematode. The size exclusion hypothesis states that the feeding 
tube excludes large protein complexes or small organelles that may cause partial or 
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total blockage of the stylet. Blocking of the stylet would undoubtedly be fatal as it is 
essential to the uptake of nutrition throughout the feeding stages of the nematode. 
Moreover, effector proteins involved in the maintenance of the feeding site are 
delivered into the plant via the stylet. The size exclusion hypothesis is supported by 
the fact that a new feeding tube is synthesised before each bout of feeding. This 
implies that an aspect of the feeding tube reduces in efficiency over time and 
requires replacement. The proposed molecular sieve may become blocked and a 
new one must be synthesized. Feeding tubes are reported to persist in the 
cytoplasm up to 14 days post production (Hussey and Mims, 1991). Degradation of 
the feeding tube is therefore unlikely to underlie the need for their replacement. 

1.3.9. Feeding plugs 
Feeding plugs have been reported in a range of cyst nematodes (Sobczak et al., 

1999, Holtmann et al., 2000, Endo, 1978) and a similar structure, variously referred 

to as a feeding plug or feeding peg, has also been described for 

Rotylenchulus reniformis (Razak and Evans, 1976, Rebois, 1980). R. reniformis is 

not a cyst nematode, but is the closest known relative (van Megen et al., 2009) and 

also induces the formation of syncytia similar in ontogeny to those of cyst 

nematodes (Agudelo et al., 2005, Rebois et al., 1975). This is probably reflective of 

a common sedentary plant parasitic ancestor. Two previous studies showed the 

feeding plugs of cyst nematodes to be continuous with the amphid openings of 

sedentary females (Endo, 1978, Sobczak et al., 1999), one of which concluded that 

the feeding plug originates from the amphidial canal (Endo, 1978). Both are of the 

view that despite feeding plugs forming in the host apoplasm, they are of nematode 

origin. The feeding pegs of R. reniformis are more difficult to distinguish from cell 

wall material (Figure 1-4) and may be derived mainly, although not exclusively, from 

callose-like plant material (Rebois, 1980, Rebois et al., 1975). In Clade 1, feeding 

plugs have been described for T. similis, although these appear to be very similar in 

composition to, and contiguous with, their feeding tubes (Wyss et al., 1979) (Figure 

1-4). Feeding plugs have not been identified in electron microscopy studies of root-

knot nematode giant cells (Hussey and Mims, 1991). Feeding plugs of the Clade 12 

nematodes are produced early in the infection process (between 12 – 24 hours post 

infection), and persist throughout parasitism (Sobczak et al., 1999). They also 

appear to increase in size during infection (Sobczak et al., 1999, Rebois, 1980), 

suggesting both continual renewal and an important function.  
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Figure 1-4 Feeding plugs of plant parasitic nematodes. For T. similis the feeding 
plug (P) forms inside the host cell adjacent to the cell wall, but attached to the 
feeding tube (FT). For reniform nematodes the feeding plug (FP) forms 
around the stylet (ST) inside the host cell and is difficult to distinguish from 
cell wall material. Cyst nematode feeding plugs (P) cross the cell wall and 
encase the stylet (ST).  
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 Feeding plug function 1.3.9.1.

Despite differences in morphology, structure, and even origin, all feeding plugs may 
be functionally analogous. It has been suggested that feeding plugs may play a role 
in anchoring the nematode in place throughout development (Endo, 1978). Dense 
pathogen-derived fibrous material in close association with the host-parasite 
interface has been observed in animal parasitic nematodes (Simpson and Lee, 
1976) and fungi (Aist, 1976) and been linked to attachment. Each root-knot 
nematode induces multiple giant cells and feeds from them in turn throughout 
development inside the plant (Wyss and Grundler, 1992). By contrast, each cyst or 
reniform nematode induces, and feeds from, a single syncytium. Cyst nematodes 
undergo three moults within the host root, and during each of these moults the 
stylet is replaced (Wyss, 1992). Although root-knot nematodes also undergo 
moults, unlike cyst nematodes they do not feed between moults so may therefore 
not reinsert the stylet until adult. Adhesion of the cyst and reniform nematodes to 
the single syncytium from which they feed is likely to be beneficial. However, root-
knot nematodes feed from multiple different giant cells, and so adhesion to one is 
likely to be detrimental. Although the feeding plugs of T. similis appear to be of 
similar material to that of the feeding tube of T. similis, and can form without contact 
with host cell cytoplasm (Wyss et al., 1979) they may be functionally similar to 
feeding plugs of Clade 12 plant-parasitic nematodes. If the feeding tube of T. similis 
is functionally analogous to the stylet of other plant-parasitic nematodes, feeding 
plug formation at the base of the feeding tube inside the host cell, irrespective of its 
composition, could also have a role in adhesion. Feeding plugs would not be 
required for any of the migratory endoparasites of Clade 12 or the migratory 
ectoparasites of Clade 2, and have not been described. Feeding plugs of cyst 
nematodes appear to be nematode derived but distinct from the feeding tube. Since 
the identification of feeding plugs in the 1970s (Endo, 1978, Razak and Evans, 
1976), very few studies have been published on the subject, primarily due to the 
difficulties in working with sedentary endoparasites. 
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1.4. Project overview 

The aims of this project were to characterise nematode derived proteins involved in 
plant-parasitism with a direct focus on the feeding tube and feeding plug. Due to the 
clear functional differences, the terms “feeding tube or plug” from this point onwards 
will apply to Clade 12 plant-parasitic nematodes only. As molecular sieving 
characteristics for the feeding tube have been previously described, this will be 
studied in detail by first reviewing the reported data in the literature. Attempts will 
then be made to provide further resolution, and a more pragmatic view on, feeding 
tube size exclusion. Using a combination of in silico measures of protein size 
coupled with experimental evaluation of protein heterogeneity in the liquid, solid and 
gas phase we aim to further characterise feeding tube size exclusion. Secondly, 
candidate feeding structure genes will be identified from the genome and 
accompanying transcriptome data of the cyst nematode Globodera pallida. Using 
molecular biology techniques, candidate genes will be characterised to determine if 
feeding tube or plug components have been identified. Finally, putative feeding 
structure genes will then be identified in strategically-chosen closely-related species 
by bioinformatic analysis. Whole transcriptomes will be generated for two species, 
and candidate feeding structure gene homologues will be identified. 
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2. General materials and methods 

All routine chemicals and reagents were supplied from either Sigma Aldrich (Dorset, 
United Kingdom) or Fisher Scientific (Loughborough, United Kingdom) unless 
specified otherwise.  

2.1. Bacterial Growth Media 

2.1.1. Super Optimal Broth (SOB) 
2  % w/v Tryptone 

0.5  % w/v Yeast extract 

10  mM NaCl 

2.5  mM KCl 

10  mM MgSO4 

10  mM MgCl2 

 

2.1.2. Super Optimal broth with Catabolite repression (SOC) 

As above with the addition of glucose to 20 mM 

 

2.1.3. Luria-Bertani (LB) 
10 g/l Tryptone 

5 g/l NaCl 

5 g/l Yeast extract 

 

2.1.4. Luria-Bertani Agar (LB Agar) 

As above with the addition of 1% Agar (w/v) 
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2.2. Plant growth media 

2.2.1. Murashige and Skoog (liquid MS 20) 

4.3 g/l Murashige and Skoog medium (with vitamins) 

20 g/l sucrose 

pH 5.3 - 5.6 

(where specified ½ MS will refer to 2.15 g/l Murashige and Skoog medium (with 
vitamins) and 10 g/l sucrose at pH 5.3-5.6) 

 

2.2.2. Murashige and Skoog Agar (MS-A) 

As above with the addition of 2 – 4 g/l plant agar depending on application 
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2.3. Biological material 

2.3.1. Maintenance of cyst nematode populations 

Cysts of Globodera pallida, G. rostochiensis and Heterodera schachtii were stored 
at 4 oC. Independent stocks were maintained for Globodera species by growing 
susceptible potato cultivar Désirée in soil infected with approximately 50 eggs/g. 
Heterodera schachtii were maintained by planting 4 week old cabbage plants 
(Brassica oleracea var. Primo II) in 50:50 sand loam mix containing approximately 
20 eggs/g. For both Globodera and Heterodera species plants were allowed to 
grow in infected soil for approximately 2-3 months before the above ground parts of 
the plants were removed. Damp soil containing H. schachtii cysts and dry soil 
containing cysts of Globodera species were stored at 4 oC. Cysts were collected by 
resuspending the 50:50 sand loam mixture in three volumes of water, the silt was 
allowed to settle leaving the floating cysts on the surface. Cysts were concentrated 
using a 300 μm sieve and collected into a 1.5 ml microfuge tube for storage. 

2.3.2. Hatching of second-stage juveniles 

Second-stage juveniles (J2) were hatched from cysts following diapause at 4 oC. 
Cysts were put onto a > 30 μm mesh, and soaked at 20 oC in potato root diffusate 
or 2 mM ZnCl2, for Globodera and Heterodera species respectively. Potato root 
diffusate was prepared by soaking 3 week old potato plant roots in water at 4 oC for 
16 hours (80 g/L). Diffusate was filter sterilised prior to use. J2s that passed through 
the mesh were collected every 3-4 days, for a period of up to 2 weeks, and stored 
in 15 ml polystyrene tubes (Starstedt, Leicester). J2s were then centrifuged at 3000 
g for 10 minutes, and the pellet was resuspended in sterile tap water. J2s were then 
stored at 10 oC for up to 2 weeks prior to use. 

2.3.3. Collection of parasitic-stage nematodes 

Potato tubers stored at 4 oC were placed at room temperature until chits 0.5 – 1 cm 
had formed. At this stage, whole potatoes were planted in soil containing 80 eggs/g 
and allowed to grow for 1-2 weeks longer than the age of sample needed. For 
example 14 days post infection nematodes would be collected 21-28 days post 
planting, where the most numerous stage of nematode would be that of 14 days 
post infection. Alternatively, where greater synchrony of infection was required, 
individual chits would be removed from tubers and planted in root trainers 
(Haxnicks, Oxford, United Kingdom). Following an initial growth phase of the potato 
plants, J2 nematodes could be pipetted directly onto the roots of the plants. 
Typically a concentration of 1 juvenile per μl of water was used, infecting 2 - 3000 



- 21 - 

nematodes across the entire root system per plant. For this method nematodes 
were collected on the date 1-2 days longer than the age of sample needed. For 
example 14 days post infection nematodes would be collected 15 - 16 days post 
inoculation. In this case the most developed nematodes would be collected. 

Plants were not watered 2 days prior to collection of feeding stage nematodes. 
Roots were released from dry soil by gentle agitation and washed in tap water to 
remove remaining soil. Clean root tissue was cut into approximately 2 cm sections 
and subjected to a short < 1 second burst in a standard food blender. The contents 
were then passed over a series of sieves (1 mm, 500 μm, 250 μm, 150 μm, 63 μm 
and 25 μm mesh size). To collect nematodes at a particular life stage the debris 
was collected onto a sieve with an appropriate mesh size prior to being washed into 
a 50ml Falcon tube containing 40% sucrose. This was centrifuged at 4000 g for 
5 minutes, the supernatant was then passed back over the corresponding sieve, the 
sucrose solution washed off with tap water, and the nematodes collected into a 
glass beaker. Individual nematodes were then collected into watch glasses by 
pipetting. 

2.4. Molecular Cloning 

2.4.1. Polymerase Chain Reaction (PCR) 

PCR was carried out for sequences of interest with the relevant primers using the 
manufacturer’s instructions included with BioTaq Red DNA polymerase (Bioline, 
London). Each PCR reaction contained 1.5 units of Taq DNA polymerase, 1.5 mM 
MgCl2, 1x NH4 reaction buffer, 0.2 mM dNTPs, 0.5 μM of each relevant primer. PCR 
cycling conditions were 5 minutes of 95 oC denaturing phase, followed by 30 cycles 
of 95 oC for 1 minute, relevant annealing temperature for 30 seconds and extension 
at 72 oC for 1 minute per kb of expected amplicon. A final extension step at 72 oC for 
5 minutes was added after all cycles were complete. Where downstream processes 
required purified DNA the PCR reaction was cleaned using the QIAquick PCR 
Purification Kit (Qiagen, Manchester, United Kingdom) following the manufacturer’s 
instructions. 

In the cases where a proof reading enzyme was required, Phusion High-fidelity 
DNA polymerase (New England Biolabs, Ipswich, United Kingdom) was used. Each 
PCR reaction contained 1x Phusion HF Buffer, 0.2 mM dNTPs, 1 μM of each 
relevant primer and 1 unit of Phusion DNA polymerase per 50 μl reaction. PCR 
cycling conditions were an initial denaturation step of 98 oC for 30 seconds, 
followed by 30-35 cycles of 98 oC for 10 seconds, the relevant annealing 
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temperature for 30 seconds, extension at 72 oC for 30 seconds per kilobase, ending 
with an extension of 72 oC for 5 minutes. In the cases where the PCR product 
would be used for subsequent TA cloning (Section 2.4.4), after the PCR had 
finished, an additional 1 unit of BioTaq Red DNA polymerase was added and the 
PCR reaction incubated at 72 oC for a further 10 minutes, followed by immediate 
purification using QIAquick PCR purification Kit (Qiagen). 

2.4.2. Restriction digestion of DNA 

Restriction enzyme (RE) digestions were typically carried out in a 20 μl volume with 
a final concentration of 1 x relevant NEBuffer (New England Biolabs) containing 20 
units of the relevant RE and 1 μg of DNA. Where multiple restriction enzymes were 
used in the same reaction, a reaction buffer that indicated 100 % activity for each 
enzyme was used. Digestion was carried out at the relevant digestion temperature 
(usually 37 oC) for 3 hours. Complete digestion was confirmed by agarose gel 
electrophoresis.  

2.4.3. Agarose gel electrophoresis and gel extraction 

To determine the size of the DNA sample of interest, approximately 10 % of the 
reaction (PCR or RE-digestion) was analysed by agarose gel electrophoresis. 1.8 % 
w/v agarose (Invitrogen) was added to TAE buffer (40 mM Tris, 20 mM acetic acid, 
1 mM EDTA) and dissolved by microwaving on full power for 2 minutes. DNA was 
visualised by addition of GelRed (Cambridge Bioscience, Cambridge, UK) to the 
agarose, before it set, at a concentration of 1:20,000. The gel was electrophoresed 
at 100 volts for sufficient time to resolve the relevant bands. Where necessary the 
relevant DNA fragment was recovered from the gel using the QIAquick Gel 
Extraction Kit (Qiagen) following the manufacturer’s instructions.  

2.4.4. DNA ligation 

Linear DNA fragments suitable for ligation (corresponding T-A overhangs or 
matching restriction digest “sticky-ends”) were combined at a 3:1, insert:vector 
molar ratio. A final reaction volume of 10 μl of 1x T4 DNA ligase buffer containing 1 
unit of T4 DNA ligase (Invitrogen, Paisley, United Kingdom) was incubated at 16 oC 
for 16 hours.  

2.4.5. Plasmid DNA extraction from bacteria 

Positive colonies as identified by PCR were used to inoculate 5 ml of LB medium 
containing the relevant antibiotics. This inoculated culture was incubated over night 
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at 37 oC. Three millilitres of culture were used in the Qiagen Mini Prep Kit (Qiagen) 
following the manufacturer’s instructions. 

2.4.6. DNA extraction from plant and nematode tissue 

Leaf, root or nematode tissue samples were frozen at the point of collection in liquid 
nitrogen. Frozen tissues were ground using a cooled micro pestle, the resultant 
powder was resuspended in 700 μl of DNA extraction buffer (0.1 M Tris (pH 8.0), 
0.5 M NaCl, 50 mM EDTA), vortexed and incubated at 65 oC for 15 minutes. 500 μl 
of phenol:chloroform:isoamylalcohol (25:24:1) were added to each sample, 
vortexed to mix, and centrifuged at 12,000g for 10 minutes. The upper aqueous 
phase was added to a separate tube containing 500 μl of chloroform-isoamyalcohol 
(24:1) and the vortex and centrifugation steps were repeated. The top phase was 
then added to a separate tube containing 500 μl isopropanol, mixed by inversion 
and centrifuged at 12,000g for 10 minutes. The supernatant was discarded and the 
pellet washed with 500 μl of 70 % EtOH. The pellet was collected by centrifugation 
at 12,000g for 2 minutes, followed by removal of all the supernatant. The pellet was 
allowed to air dry (until clear) and then resuspended in an appropriate volume of 
sterile deionised water containing 1 μl DNase-free RNase (Qiagen) and incubated 
at 65 oC for 15 minutes. The resultant purified DNA was stored at -20 oC for later 
use.  

2.4.7. RNA extraction from plant and nematode samples.  

Samples were flash frozen in liquid nitrogen upon collection. An RNeasy mini kit 
(Qiagen) was used to extract RNA from frozen samples following the 
manufacturer’s instructions. For extraction from nematode samples, the 
manufacturer’s instructions for animal tissues were followed. In both cases the 
optional on-column DNase I digestion (Qiagen) was carried out. 

2.4.8. cDNA synthesis 

First strand cDNA synthesis was carried out on column purified RNA samples. 
Between 100 ng and 1 μg of total RNA was used in each cDNA synthesis reaction. 
Superscript II Reverse transcriptase (Invitrogen) was used according to the 
manufacturer’s instructions, using oligo (dT) primers (Bioline). The optional 
denaturation step (65 oC) was routinely used.  
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2.4.9. Semi Quantitative Reverse Transcriptase - 
Polymerase Chain Reaction (SQRT-PCR) 

RNA was extracted from frozen tissue samples and cDNA synthesised according to 
sections 2.4.7 and 2.4.8 respectively. When comparing between samples, equal 
quantities of RNA were used in the cDNA synthesis reactions. Gene-specific 
primers were then used to amplify the gene of interest from the cDNA at typically 
between 25-28 cycles. A number of cycles is decided upon for a given gene based 
on a comparison between samples. If bands amplified from all samples are very, 
and crucially equally, intense, this is not considered to be quantitative and so the 
number of cycles is reduced. At such a reduced number of cycles, it is assumed 
that the determining factor in the amount of product generated is the number of 
mRNA copies that were present in the total RNA extract (assuming cDNA synthesis 
is non-selective). The relative brightness of each band was estimated relative to a 
control “housekeeper” gene. For both plant and nematode samples the 
housekeeper gene used was Elongation Factor 1 α (EF1α). 

2.4.10. Preparation and transformation of chemically 
ultra-competent Escherichia coli 

To prepare ultra-competent Escherichia coli cells 10-12 large colonies were used to 
inoculate 250 ml of sterile SOC medium in a 1 L flask. Cells were allowed to grow at 
19 oC with shaking at 200 rpm until they reached OD600nm = 0.5 (between 24-36 
hours). Once the desired optical density was reached, the cells were cooled on ice 
for 10 minutes, followed by centrifugation at < 100g for 10 minutes at 4 oC. The cell 
pellet was gently resuspended in 80 ml ice-cold TB (10 mM PIPES, 15 mM CaCl2, 
250 mM KCL) and stored on ice for 10 minutes. The cells were centrifuged a 
second time using the same conditions, followed by resuspending in 20 ml ice-cold 
TB with the addition of 1.4 ml DMSO. 100 – 200 µl of cells were aliquoted into 
individual 1.5 ml microfuge tubes, flash frozen in liquid nitrogen and stored at -
80 oC.  

To transform ultra-competent cells, an aliquot per sample transformation was 
thawed on ice. 1-2 µl of plasmid or ligation mix was added to thawed cells and 
incubated on ice for 5 minutes. Typically 10 µl, 30 µl and the remaining volume of 
cells was spread onto individual pre-warmed LB agar plates containing the relevant 
antibiotic concentration without a growth phase. Plates were incubated over night at 
37 oC for colonies to grow. 
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2.4.11. Preparation and transformation of electro-
competent Escherichia coli 

A single colony of E. coli was used to inoculate 5 ml of SOC medium. The culture 
was incubated at 37 oC with shaking at 200 rpm for 16 hours. 1 ml of this culture 
was used to inoculate 200 ml of SOC medium, which were incubated at 37oC 
(200 rpm) until OD600nm was between 0.6-0.9 indicating log phase growth. The cell 
suspension was centrifuged at 4 oC for 15 minutes at 2,500g, the supernatant was 
discarded and the pellet re-suspended in 1 volume of ice-cold 10 % v/v glycerol. 
Following a 5 minute incubation on ice, the centrifugation was step repeated, and 
the pellet re-suspended in 0.5 volumes of 10 % ice cold glycerol. The cells were 
incubated on ice for 5 minutes, pelleted by centrifugation a third time, and re-
suspended in 0.1 volumes of ice cold 10 % glycerol. Following a final 5 minute 
incubation on ice the cells were centrifuged again, and the pellet re-suspended in 
0.01 volumes of 10 % glycerol. The cells were divided into 90 µl aliquots in pre-
chilled 1.5 ml microfuge tubes, flash frozen in liquid nitrogen and stored at -80 oC for 
future use. 

Prior to transformation, one aliquot per event was thawed on ice for 10 minutes, LB 
agar plates containing the relevant antibiotics were pre-warmed at 37 oC and the 
electroporation cuvettes were chilled on ice. To transform, 1-2 µl of vector or 
ligation mix was added to each aliquot and stirred gently with the pipette tip. The 
cells were transferred to the chilled electroporation cuvette, the cuvette wiped dry 
and loaded into the electroporator (BioRad MicroPulser). Following a single pulse of 
1500 Volts for 6.1 ms, 500 µl of room temperature SOC medium were added to the 
cells, and transferred to a 1.5 ml microfuge tube. To allow expression of the 
antibiotic resistance, cells were grown at 37 oC for 1 hour at 200 rpm. Typically 
10 µl, 30 µl and 100 µl of cells were plated onto three individual plates and the 
remaining cells stored at 4 oC for later use if necessary.  

2.4.12. Preparation and transformation of competent 
Agrobacterium tumefaciens / rhizogenes  

Five millilitres of LB medium containing rifampicin (50 μg/ml) were inoculated with a 
single colony of the desired Agrobacterium strain, and incubated with shaking at 
200 rpm for 16 hours at 28 oC. 2 ml of this culture was used to inoculate 50 ml of LB 
medium rifampicin (50 μg/ml) which was replaced to the incubator for a further 5 
hours until the culture OD600nm measured between 0.5 and 1 using a bench top 
spectrophotometer (Colorimeter model 45, Fisher). The culture was chilled on ice, 
centrifuged for 5 minutes at 4000g at 4 oC, and the supernatant discarded. The 
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pellet was resuspended in 1 ml ice cold 20 mM CaCl2 by gentle shaking, and 
divided into aliquots of 1-200 μl prior to being frozen in liquid nitrogen.  

To transform the Agrobacterium, an aliquot was thawed on ice and 10 – 100 ng of 
purified plasmid were added and mixed gently by stirring with the pipette. The cells 
were frozen again in liquid nitrogen, and placed in a 37 oC water bath for 5 minutes. 
1 ml of LB media was added, the cells transferred to a 15 ml polypropylene tube 
(Grenier bio-one, Frickenhausen, Germany), and incubated at 28 oC for at least 2 
hours with shaking (200 rpm). Three quantities, typically 50 μl, 250 μl and the 
remaining sample, were spread onto LB medium plates containing 50 μg/ml 
rifampicin and the relevant selection antibiotic. The plates were incubated upside 
down at 28 oC for 2-3 days, visible colonies were screened by PCR to confirm 
presence of desired plasmid.  

2.4.13. Colony screening 

Colonies were screened for presence of desired gene by PCR. A single colony was 
touched with a p200 tip. This tip was then inserted into a 1.5 ml microfuge tube 
containing 100 μl H20 and mixed by pipetting up and down. 2 μl of this suspension 
were used in a subsequent PCR reaction as template, using the relevant primer 
pair. PCR was carried out as described in section 2.4.1 with the addition of a 5 
minute 99 oC incubation before any cycling. 

2.5. Protein expression, extraction and analysis 

2.5.1. Bacterial protein expression 

Relevant coding regions were cloned into the inducible bacterial expression vector 
PET28(b). Correct constructs, identified by RE digest and subsequent sequencing, 
were transformed into the expression strain of E. coli, BL21 DE3-RIL. Positive 
colonies, screened by PCR using gene specific primers, were initially tested for 
expression on a small scale prior to protein purification. A single colony was 
inoculated into 2 ml of LB medium containing the relevant concentration of 
antibiotics (in this case 50 ug/ml kanamycin and 24 μg/ml chloramphenicol) and 
incubated with shaking at 37 oC for 3 hours. 200 μl of each culture were removed 
and centrifuged at 12,000g for 1 minute. The pellet was resuspended thoroughly by 
vortexing in 100 μl 1x SDS-PAGE loading buffer (final concentration 0.05% 
Bromophenol blue, 10% glycerol, 1% SDS, 0.05 M Tris-Cl pH 6.8, and the addition 
of 1 ul of ß-mercaptoethanol per sample) and kept for later use as an un-induced 
control. Protein expression in the remaining culture was induced by addition of 
IPTG to a final concentration of 1 mM and returned to the shaking incubator for a 
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further 3 hours at 37 oC. As a negative control 100 μl of culture were removed prior 
to induction of protein expression (to approximately account for growth of cells), 
centrifuged at 12,000g for 1 minute, and the pellet resuspended thoroughly by 
vortexing in 100 μl 1x SDS-PAGE loading buffer. 10 μl of un-induced and induced 
cell extracts were electrophoresed in parallel on an SDS-PAGE gel to confirm 
expression of a protein of the expected molecular weight. 

2.5.2. SDS-PolyAcrylamide Gel Electrophoresis (PAGE) 

SDS-PAGE gels were prepared in two parts, a main gel, and a stacking gel, for 
each the ratio of acrylamide:bis-acrylamide was 37.5:1.  The main gel consisted of 
12% acrylamide (w/v), 0.32 % bis-acrylamide (w/v), 0.3125 M Tris pH 8.8, 0.08% 
SDS (w/v), 0.02% ammonium persulphate (w/v), and 0.05% TEMED. The main gel 
was poured and allowed to set, before the stacking gel was prepared. The stacking 
gel was prepared in the same manner as the main gel except with a final 
concentration of 4% acrylamide (w/v), 0.1 % bis-acrylamide (w/v),  and 0.3125 M 
Tris pH 6.8. The comb containing the wells was inserted in the stacking gel before it 
set. Protein samples were boiled in 1 x SDS-PAGE loading buffer for 10 minutes, 
prior to loading. The gel was electrophoresed at 200 V in 1 x running buffer (3 g 
Tris, 14.4 g glycine and 1 g SDS per litre) until the dye front reached the end of the 
gel. Protein was stained by incubation at room temperature for 1 hour in Coomassie 
stain (1 g Coomassie Brilliant Blue, 400 ml MeOH, 100 ml acetic acid and 500 ml 
H2O). To visualise the protein, the gel was de-stained for a minimum of 1 hour at 
room temperature (400 ml MeOH, 100 ml acetic acid, 500 ml H2O), or until bands 
were clearly visible.  

2.5.3. Small-scale denaturing protein purification 

Prior to large scale purification, His-tagged proteins expressed in bacteria were 
subject to small scale denaturing purification using Ni-NTA resin (Qiagen). A single 
colony was used to inoculate 5 ml of LB medium containing the relevant antibiotics, 
which were incubated at 37 oC over night with shaking at 200 rpm. Five microliters 
of this initial culture were used to inoculate a fresh 5 ml of LB medium containing 
the relevant antibiotics, which were returned to the incubator for 3 hours. At this 
stage IPTG was added to a concentration of 1 mM to induce protein expression, 
and the culture was returned to the incubator for a further 3 hours. To extract 
protein, 1 ml of culture was pelleted in a 1.5 ml microfuge tube by centrifugation at 
12,000g for 1 minute. The pellet was resuspended in 200 μl of lysis buffer B (8 M 
urea, 0.1 M NaH2PO4, 0.01 M Tris HCl pH 8.0), vortexed to lyse cells, and the 
remaining cell debris was pelleted by centrifugation at 12,000g for 10 minutes. The 
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supernatant was removed to a fresh tube containing 50 μl of 50 % Ni-NTA resin 
slurry, and mixed at room temperature for 30 minutes. The resin was pelleted by 
centrifugation at 12,000g for 1 minute, and washed 3 times in wash buffer C (8 M 
urea, 0.1 M NaH2PO4, 0.01 M Tris HCl pH 6.3). Protein was eluted by incubating the 
resin at room temperature for 2 minutes in 50 μl of wash buffer C containing 
100 mM EDTA to chelate the Ni2+ ions from the resin. The resin was pelleted by 
centrifugation at 12,000g for 15 seconds, and the supernatant containing purified 
protein was removed to a fresh tube, and tested for the presence of the expected 
protein by SDS-PAGE. 

2.5.4. Large-scale protein expression and purification 

Having identified bacterial clones expressing the protein of interest in a translational 
fusion to a His tag, a single colony/scrape of a glycerol culture was added to 5 ml of 
LB medium, containing the relevant antibiotics, and incubated at 37 oC for 16 hours 
at 200 rpm. The entire 5 ml culture was used to inoculate 500 ml of LB medium in a 
2 L conical flask containing the same final concentration of relevant antibiotics. This 
culture was incubated at 37 oC and 200 rpm until an optical density of 0.5-0.8 at 
A600nm was reached. IPTG was then added to a final concentration of 1 mM and the 
culture was returned to the incubator for a further 3 hours (or appropriate 
temperature and time depending on protein being expressed). Following induction 
the culture was cooled on ice for 10-30 minutes, and centrifuged at 4000g for 30 
minutes at 4 oC in a pre-cooled centrifuge. The supernatant was removed and the 
cell pellet stored at -20 oC prior to protein purification.  

Frozen cell pellets were resuspended in 30 ml resuspension buffer (0.3 M sodium 
phosphate pH 8.0, 0.5 M NaCl, 5 % glycerol v/v, 0.1 mM EDTA and 10 mM 
imidazole) by vortexing thoroughly. PMSF was added as a proteinase inhibitor to a 
final concentration of 0.1 mM, followed by lysozyme and Triton-X100 to final 
concentrations of 0.2 mg/ml and 0.1 % respectively. The suspension was incubated 
with gentle swirling at room temperature for 5 minutes or until the cell suspension 
became viscous. At this point 90 μl of 1 M MgCl2 were added along with 100 μl of 
DNase at 1 mg/ml (stored in 10 mM Tris.HCl pH 7.9, NaCl 150 mM), and incubated 
again at room temperature for 5 minutes until the solution returned to its original 
viscosity. The supernatant was centrifuged at 15,000g for 30 minutes at < 5 oC in a 
pre-cooled centrifuge. The clear supernatant was decanted to a new polypropylene 
tube and stored on ice prior to nickel affinity purification.  

A 1 ml HIS-Trap Fast Flow Nickel Tag Affinity (FF-NTA) column was loaded on an 
ÄKTA explorer instrument (GE Healthcare, Buckinghamshire, UK), and equilibrated 
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first in buffer His B (20 mM sodium phosphate pH 8.0, 0.5 M NaCl, 5 % v/v glycerol, 
500 mM imidazole, 0.1 mM EDTA, 5 mM 2-mercaptoethanol) and subsequently in 
His A (20 mM sodium phosphate pH 8.0, 0.5 M NaCl, 5 % v/v glycerol, 10 mM 
imidazole, 0.1 mM EDTA, 5 mM 2-mercaptoethanol). The soluble total protein 
extract was passed across the NTA column at a flow rate of 1 ml/minute. Bound 
proteins were eluted using a gradient of increasing imidazole by altering the 
percentage of His B from 0 % to 100 % over 20 column volumes. Real time 
absorbance at 280nm and 230nm was collected during elution to indicate proteins 
eluting from the column. 2 ml fractions were collected and those containing the 
protein of interest were confirmed by SDS-PAGE. Pure fractions were pooled and 
dialysed against 150 mM NaCl/10 mM Tris pH 7.5 using a 3 kDa spectra/por 
membrane (Spectrum, Breda, Netherlands) for 16 hours at 4 oC with two buffer 
changes. Dialysed proteins were subsequently stored at 4 oC for future analyses. 
The absorbance maximum of each protein sample at 280 nm was recorded. The 
amino acid sequence of each protein was analysed using ‘Protparam’ 
(web.expasy.org/protparam/ 14-10-11) to obtain an extinction coefficient. The 
concentration of each sample was then determined using a derivative of the Beer-
Lambert Law, A / E = C. Where: 

 A = absorbance at 280 nm, E = extinction coefficient and C = concentration in 

mg/ml. 

2.5.5. Removal of His-Tag from purified protein: Thrombin 
digestion 

Proteins expressed using the PET28 system contained a thrombin cleavage site 
between the His-Tag and start of the sequence. The His-tag was removed after 
purification and prior to further analysis. Proteins of interested were incubated for 
16 hours at room temperature at a concentration of 1:10 w/w of thrombin. An aliquot 
of each digest was analysed by SDS-PAGE alongside non-digested protein to 
confirm complete digestion by a drop in molecular weight of approximately 2 kDa. 

2.6. Western blot 

2.6.1. Protein extraction from plant or animal tissue 

Tissue samples were flash frozen in liquid nitrogen upon collection, prior to protein 
extraction, samples were stored at -80 oC. Samples were thoroughly ground with a 
cooled micro-pestle and the resultant powder resuspended in an appropriate 
volume of phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 8 mM 
Na2HPO4, 1.5 mM KH2PO4, pH 7.4) with the addition of either PMSF to a final 
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concentration of 0.1 mM or proteinase inhibitor cocktail tablets (Roche). The sample 
was centrifuged at 12,000g for 3 minutes, the supernatant containing the soluble 
protein was removed to a new chilled microfuge tube, and the centrifugation 
process repeated until the supernatant was clear. The protein extract was 
quantified on a Nanodrop spectrophotometer ND-1000 (Thermo) at A280. 

2.6.2. Transfer of protein to PVDF membrane 

Following SDS-PAGE, protein was transferred from the acrylamide gel to an 
Immobilon-P PVDF membrane (Millipore, Billerica, USA) prior to either colorimetric 
or chemo-luminescent detection. 2 pieces of 3MM filter paper (Whatman) were cut 
to 12 cm x 8 cm, and soaked, along with nylon pads of the same size and the 
polyacrylamide gel, in transfer buffer (25 mM Tris, 190 mM glycine and 20 % v/v 
methanol) for 5 minutes. One piece of PVDF membrane, cut to 9 cm x 6 cm, was 
hydrated in methanol for 10 seconds before being soaked in transfer buffer. The 
transfer cassette was assembled as follows; nylon pad, 3MM paper, gel, 
membrane, 3MM paper, nylon pad. The cassette was closed, and protein was 
transferred to the membrane at 100 v for 1 hour. After transfer the membrane was 
used directly in either colorimetric or chemo-luminescent detection protocols.  

2.6.3. Ponceau S red staining 

The efficiency of the transfer process can be tested by directly staining the 
membrane after transfer with the reversible protein stain Ponceau Red. A solution 
of 0.5 % w/v Ponceau red, 1 % v/v acetic acid was prepared. The membrane was 
incubated in the stain for 1 - 2 minutes until bands were visible, the red stain can 
then be washed off using distilled water prior to chemo-luminescent or colorimetric 
detection.  

2.6.4. Colorimetric detection system 

Following transfer, the membrane was rinsed for 5 minutes in 1 x PBS. The blot 
was then placed into blocking solution (PBS/0.05 % Tween-20, 5 % w/v non-fat milk 
powder) on a shaking table for 1 hour at room temperature. The blocking solution 
was then replaced with the primary antibody solution at the relevant concentration 
diluted in PBS/0.5 % Tween-20 with 0.5 % non-fat milk powder for a minimum of 1 
hour at room temperature or overnight at 4oC. The membrane was then washed 6 x 
10 minutes in PBS/0.5 % Tween-20 at room temperature, prior to incubation for 1 
hour at room temperature in the relevant alkaline phosphatase-conjugated 
secondary antibody diluted 1:2000 in PBS/0.5 % Tween-20 with 0.5 % milk powder. 
The membrane was washed a further 6 x 10 minutes in PBS/0.5 % Tween-20 at 
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room temperature. The substrate tablet (Sigma Fast Tablets BCIP/NBT) was 
dissolved in 10 ml of water, applied to the protein side of the membrane and 
incubated in the dark at room temperature until bands were sufficiently developed. 
The membranes were then washed in H2O to stop the reaction and allowed to dry 
on 3MM paper. 

2.6.5. Chemi-luminescent detection 

Following transfer, the membrane was placed in blocking solution (5 % non-fat dry 
milk powder w/v in PBST (PBS with the addition of Tween 20 to 0.1 % v/v) for a 
minimum of 2 hours at room temperature or overnight at 4 oC. The blocking solution 
was replaced by primary (1o) antibody, diluted to the optimised concentration in 
PBST (typically between 1:10,000 and 1:20,000), for 1 hour at room temperature. 
The membrane was rinsed in PBST followed by three 20 minute wash steps on a 
shaking table at room temperature. The membrane was incubated with the relevant 
secondary antibody (2o) diluted 1:50,000 in PBST at room temperature for 1 hour. 
Following this the membrane was washed briefly in PBST followed by three 20 
minute washes and a final 5 minute wash in PBS at room temperature. 

Chemi-luminescent detection was carried out using the SuperSignal West Pico 
reagents (Thermo Scientific, Waltham USA). Reagents (Luminol/Enhancer and 
Stable Peroxide solutions) were removed from 4 oC, allowed to equilibrate to room 
temperature and mixed at a ratio of 1:1. The detection solution was continually 
washed over the membrane using a pipette for 5 minutes. The membrane was 
wrapped in Saran wrap, and placed protein side up in an X-ray film cassette. 
Detection of protein was achieved by exposing the membrane to autoradiography 
film for between 3 seconds to 30 minutes depending on the level of detection 
required. The film was developed using a Compact x4 developer according to the 
manufacturer’s instructions (XoGraph, Gloucestershire, UK).  

2.7. General primers 

Table 2-1 General primers common to multiple Chapters 

Primer name Seq 5' - 3' TM 

M13_F GTAAAACGACGGCCAGT 55 

M13_R GTTTTCCCAGTCACGAC 55 

EF1α_ST_F GAT TGG AAA CGG ATA TGC TC 55 

EF1α_ST_R CGA CAG CAA CAG TTT GCC TC 55 
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3. Feeding tube size exclusion 

3.1. Introduction 

3.1.1. Feeding tubes and size exclusion 

Feeding tubes are produced by several different biotrophic nematodes including 
cyst nematodes, root knot nematodes and the reniform nematodes. It has been 
hypothesised that sedentary endoparasitism has evolved independently in the cyst 
and root knot nematodes (van Megen et al., 2009). The close phylogenetic 
proximity of the reniform nematodes to the cyst nematodes, and the similar biology, 
suggest they share a common sedentary parasitic ancestor.  

Morphological studies show that feeding tubes differ between nematode groups. 
Under electron microscopy the feeding tubes of root-knot nematodes appear to 
have a regular crystalline structure, however the feeding tubes of cyst and reniform 
nematodes both have an electron-dense irregular structure. Taken together these 
data support the independent origins of sedentary parasitism, and the convergent 
evolution of feeding tubes implies an important role for successful biotrophic 
interactions (Sobczak et al., 1999, Rumpenhorst, 1984, Hussey and Mims, 1991).  

Everything the nematodes ingest must pass through the walls of the feeding tube. It 
has been hypothesised that the feeding tube may act as a molecular sieve that 
excludes organelles and very large macromolecules, which may otherwise cause 
partial or total blockage of the stylet (Razak and Evans, 1976). Blocking of the stylet 
would undoubtedly be fatal as it is essential to the uptake of nutrients throughout 
the feeding stages of the nematode. A new feeding tube is formed before each bout 
of ingestion, so can be replaced if blocked. It is also possible that the feeding tube 
prevents nematode feeding activity from causing fatal damage to the feeding 
structure. Nematodes can only induce one feeding site and therefore need to keep 
this structure alive for the duration of the life cycle. 

Determining the size exclusion limit of the feeding tube has proved challenging. In 
previous studies, host plants expressing reporter proteins have been infected with 
parasitic nematodes (Urwin et al., 1997b, McCarter et al., 2010, Valentine et al., 
2007, Goverse et al., 1998), or fluorescently labelled-dextrans have been injected 
directly into feeding sites (Bockenhoff and Grundler, 1994). Reporter molecules that 
are detected in the nematode digestive system can clearly pass through the feeding 
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tube. For cyst nematode feeding tubes, there is some ambiguity in these size 
exclusion experiments, highlighted by a series of seemingly conflicting results. 
Dextrans of 20 kDa but not 40 kDa were detected within nematodes (Bockenhoff 
and Grundler, 1994). Similarly uptake of an 11 kDa single cystatin (Urwin et al., 
1998), and a 24.5 kDa monomeric red fluorescent protein (mRFP) (Valentine et al., 
2007) has been demonstrated. However, although there was no evidence for 
ingestion of a 22 kDa double proteinase inhibitor fusion (Dual PI) (Urwin et al., 
1998), the heavier 26.9 kDa green fluorescent protein (GFP) was observed to be 
taken up in one study (Goverse et al., 1998), but not in another (Urwin et al., 
1997b). In experiments to date molecular mass has been used as an indicator of 
protein size. These apparently contradictory results suggest that a more pragmatic 
measure of protein size needs to be applied to feeding tube exclusion. 

3.1.2. Mass spectrometry as a way of measuring protein 
size 

Here we define protein size as the rotationally averaged cross section of a protein. 

In recent years, an emphasis has been placed on elucidating protein structure and 

its link to function. Presently, the two main methods used for determining protein 

structure are X-ray crystallography and nuclear magnetic resonance (NMR) 

spectroscopy. Both give information about protein shape, but do not intrinsically tell 

us anything about size. Protein size can, however, be measured using ion mobility 

spectrometry (IMS).  

In conventional IMS the size of a molecule is determined by the accurate 

measurement of its drift time through an IMS drift tube of known length (Mesleh et 

al., 1996). The drift tube is filled with a neutral buffer gas of known pressure. The 

movement of an ion through the tube, under the influence of a low electric field, is 

inversely proportional to its cross-sectional area and proportional to the number of 

charges it carries. IMS coupled with soft ionisation, such as electrospray ionisation 

(ESI), and mass spectrometry (MS) allows rapid determination of both a 

macromolecule’s size and its mass in its native state. This can be achieved in a 

single experiment using a much lower amount of material than required for X-ray 

crystallography or NMR. One type of IMS in common usage coupled with MS is 

travelling wave IMS (TWIMS) (Giles et al., 2004, Pringle et al., 2007). In these 

devices the ion mobility separation occurs in a stacked-ring ion guide that contains 

the neutral buffer gas. A direct current is applied to the rings to radially confine the 

ions and a series of transient voltage pulses that create the travelling wave are 

superimposed on this. As molecules traverse the drift cell under the influence of the 



- 34 - 

travelling wave, they interact with the neutral buffer gas. The frequency of these 

interactions, due to their size, will determine if the molecule travels along with the 

wave or ‘falls back’ over the wave leading to a longer drift time. The protein size for 

a given mass to charge ratio is then calculated. This measure of size is known as 

the temperature-dependent, rotationally-averaged, Collision Cross Sectional area 

(CCS). In conventional IMS this can be calculated directly from the ion’s drift time. 

However, for TWIMS the relationship between CCS and drift time is not linear and a 

calibration of the device must be performed with standards of known CCS (Mack, 

1925, Smith et al., 2009).  

3.1.3. Predicting protein size computationally 

It is widely accepted that there is a relationship between the CCS of a protein and 

its structure, as solved by NMR or X-ray crystallography. Various attempts have 

been made to computationally predict the CCS of proteins based on these 

structures (Shvartsburg et al., 2007, Shvartsburg and Jarrold, 1996, Clemmer and 

Jarrold, 1997, Mesleh et al., 1996). The main assumption used in these predictions 

is that protein conformations in the gas phase are comparable to those in crystals 

or solutions and, more broadly, that both of these are analogous to conformations in 

vivo. Although this assumption is widely accepted, there are reports of protein 

complexes collapsing when ionised into the gas phase (Hogan et al., 2011). 

Of these prediction methods, the most simple is the Projection Approximation 

approach (PA). This calculates the CCS by averaging the area of a 2D projection of 

a protein over a range of viewing angles (Mack, 1925). The reliability of PA has 

been questioned (Shvartsburg et al., 2007), most notably because it fails to take 

into account the buffer gas in its predictions (Shelimov et al., 1997, Jurneczko and 

Barran, 2011). It has been suggested that the PA approach will underestimate CCS 

for large concave molecules (Shvartsburg et al., 2007). However, PA predictions 

have been shown to be the closest to experimental measures for predicting CCS 

(van Duijn et al., 2009), even for concave molecules such as ubiquitin (Smith et al., 

2009). This chapter introduces a new program, “RotaMol”, that can be used to 

predict protein size based on information from either X-ray crystallography or NMR, 

in a similar manner to the PA approach, using the solvent accessible surface of the 

protein. Having validated its agreement with experimentally determined values, 

RotaMol predictions are used in conjunction with experimental methods of 

determining protein heterogeneity and size, to resolve conflicting data from past 

nematode feeding tube size exclusion experiments. 
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3.2. Aims: 

Characterise the size exclusion limit of the cyst nematode feeding tube. 

• Design a method to calculate protein size in silico. 
• Validate the predictions experimentally. 
• Provide better resolution of feeding tube exclusion, using a combination of 

protein size predictions and measurements, to design a range of different 
sized fluorescent proteins to test for uptake in vivo.  
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3.3. Materials and methods 

3.3.1. Computational prediction of protein size – RotaMol 

 Area Measurement 3.3.1.1.

The Protein Data Base (PDB) file of the protein of interest was loaded into the 
protein modelling program PyMol. This generated a graphical representation of the 
protein. The 1.4 Å solvent accessible surface was then loaded onto the protein 
using PyMol’s built in surface function. The area of the two dimensional face, or 
‘viewing angle’ that is presented to the user was then recorded by counting the 
number of pixels which make up the protein within the PyMol viewer. The protein 
was then rotated by a user defined angle of rotation (θ). After each rotation a new 
‘viewing angle’ was measured. The average of all the viewing angles makes up the 
Collision Cross Section (CCS) or size of the protein. θ is limited by the program in 
that 180/θ must result in an integer. Where this is not the case, the closest angle for 
which this is true is automatically used. 

 Measurement in pixels and conversion to Angstroms 3.3.1.2.

Measuring every pixel in the protein viewer would be computationally expensive 
and unnecessary, as such, a new term ‘Pixelskip’ was defined. A Pixelskip of 5 will 
measure 1 in every 5 pixels, the pixels in between will be ignored. This builds up a 
coarse grained image of the protein. For the same viewing angle, a Pixelskip of 5 
will measure 2307 pixels, where a Pixelskip of 10 will measure 578 pixels. The 
resultant area in pixels is multiplied by the pixel skip for X and Y. 

For example: 2307 ∗  5 ∗  5 =  57675 

Similarly: 578 ∗  10 ∗  10 =  57800 

To convert this measure of area from pixels to Angstroms, the size of the protein 
viewer window in PyMol can be defined at discrete Angstrom values using the built 
in zoom function. Measuring the size of the window in pixels and dividing it by the 
size of the window in Angstroms, gives the number of pixels for one Angstrom. Full 
documentation, .exe and source code are available for download 
(http://code.google.com/p/rotamol/). 

  

http://code.google.com/p/rotamol/
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 Constructs for protein expression in E. coli 3.3.1.3.

Primers were designed to amplify the desired coding sequences of mRFP, GFP 
and Dual PI with the addition of relevant restriction enzyme sites for cloning. Each 
PCR product was amplified from existing plasmid templates using Phusion 
polymerase (New England Biolabs) according to section 2.4.1 using the relevant 
primers detailed in Table 3-1. Following addition of 3’ A overhangs the PCR product 
was purified immediately with a Qiaquick PCR purification kit (Qiagen, Manchester, 
UK) following the manufacturer’s instructions. Purified PCR product was cloned into 
the pGEM-T Easy vector (Promega) following the manufacturer’s recommendations 
and clones confirmed by sequencing. Two micrograms of pGEM-T Easy plasmid 
containing the gene of interest were digested with NdeI and BamHI, the released 
gene fragments were gel purified (QIAquick Gel Extraction Kit; Qiagen), and ligated 
into digested pPET28b vector. Positive constructs, identified by restriction enzyme 
digestion, were transformed into the expression strain of E. coli, BL21 DE3-RIL. 
Protein, extracted as described in section 2.5 with the His purification tag removed 
as described in section 2.5.5, was used in the following analyses. 
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Table 3-1 Summary of primers to cloning Dual PI, mRFP and GFP for expression in E. coli and subsequent size measurement. 

Primer name Seq 5' - 3' TM 
Additional restriction enzyme 
site 

Dual_to_PET_F ACA CATATG ATGTCATCAGACGGAGGACC 58 Nde I 

Dual_to_PET_R TGT GGATCC TTACTCATCATCTTCATCC 46 Bam HI 

mRFP_to_PET_F ACA CATATG ATGGCCTCCTCCGAGGAC 61 Nde I 

mRFP_to_PET_R TGT GGATCC CTAGGCGCCGGTGGAGTG 63 Bam HI 

GFP_to_PET_F ACA CATATG ATG AGT AAAGGAGAAGAACTTTTC 53 Nde I 

GFP_to_PET_R TGT GGATCC CTATTTGTATAGTTCATCCATGC 52 Bam HI 
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 Ion Mobility Spectrometry – Mass Spectrometry 3.3.1.4.
(IMS-MS) 

Protein samples for mass spectrometry were concentrated and the buffer switched 
to 50 mM ammonium acetate, using Amicon Ultra 3K spin columns (Milipore, 
Billerica, MA, USA). Ion mobility spectrometry-Mass spectrometry samples were 
analysed by Z-spray nanoelectrospray ionisation (nanoESI) MS using a 
quadrupole-IMS-orthogonal time-of-flight mass spectrometer (Synapt HDMS, 
Waters UK Ltd., Manchester, U.K.) with gold/palladium coated nanoESI tips 
prepared in-house. The instrument was operated in positive nanoESI-ion mobility 
spectrometry-TOF mode using a capillary voltage of 1.5 kV and cone voltage of 8 V. 
The source and desolvation temperatures were set at 80 °C and 150 °C, 
respectively. The nanoESI gas pressure was 0.145 psi, the source backing 
pressure was 0.034 psi, the trap and transfer argon gas pressures were 1.8x10-5 psi 
and the IMS cell nitrogen gas pressure was 7.1x10-3 psi. The trap collision energy 
was 21.8 V, the transfer collision energy was 4.0 V and a trap bias of 22.8 V was 
used. The IMS travelling wave speed was 225 m/s and the wave height was 4.9 V. 
Mass calibration was performed by a separate injection of aqueous sodium iodide 
at a concentration of 2 µg/µl. The IMS drift cell calibration was performed by 
separate injection of the denatured protein standards myoglobin, cytochrome c and 
ubiquitin at a concentration of 10 µM in acetonitrile/water/formic acid (50/49/1; 
v/v/v). Reduced CCSs (Ω’) were calculated from published cross-sections 
determined using conventional ion mobility measurements 
(www.indiana.edu/~clemmer/Research/Cross%20Section%20Database/Proteins/pr
otein_cs.htm) and were plotted against measured drift times (tD). An allometric y = 
AxB fit was applied to the data. Experimental cross-sections were determined after 
separate infusion of the analytes and measurement of the drift time centroid for the 
lowest charge state ions. Data processing was performed using the MassLynx v4.1 
suite of software supplied with the mass spectrometer. 

 Analytical Ultra Centrifugation (AUC) 3.3.1.5.

Prior to Analytical Ultra-centrifugation (AUC) samples of purified protein in PBS 
buffer were adjusted to an absorbance between 0.1 and 1 (280 nm) and subjected 
to centrifugation at 8,000g for 2 minutes to remove any insoluble material. Samples 
were centrifuged at 200,000 rpm using an Optima XL-I Analytical Ultra centrifuge 
rotor (Beckman) at 20 oC. Scans were taken at 280 nm every 5 minutes for 100 
scans per sample and results were analysed using SEDFIT V 12.44.  
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 Native - Polyacrylamide Gel Electrophoresis (PAGE) 3.3.1.6.

A native (non-denaturing) polyacrylamide gel was prepared in two sections. A 10% 
resolving gel was prepared by combining 3.4 ml of Acrylamide/Bis-acrylamide 
(30%/0.8% w/v) (Severn Biotech, Kidderminster, UK), 6.49 ml 0.375 M Tris-HCL 
(pH 8.8), 100 µl 10% (w/v) ammonium persulfate, and 10 µl TEMED. Once set, the 
stacking gel was prepared by combining 0.67 ml Acrylamide/Bis-acrylamide 
(30%/0.8% w/v), 4.275 ml 0.375 M Tris-HCL (pH 8.8), 50 µl 10% (w/v) ammonium 
persulfate and 5 µl TEMED. Once both gels had set, the samples were mixed with 
2 x sample buffer (62.5 mM Tris-HCL (pH 6.8), 25% glycerol, 1% bromophenol 
blue) at room temperature and loaded into each well. The gel was electrophoresed 
at 100 V in running buffer (25 mM Tris,192 mM glycine) for 2 hours, or until desired 
resolution had been reached. The protein was visualised using the Coomassie-blue 
staining protocol described in section 2.5.2. 

3.3.2. Expression of fluorescent proteins in Arabidopsis 
thaliana 

 Fluorescent protein fusion construct cloning 3.3.2.1.

A variety of different sized and coloured fluorescent proteins were available in the 
laboratory prior to the project: Green Fluorescent Protein (GFP), monomeric Red 
Fluorescent Protein (mRFP), iLOV and DRONPA. Both DRONPA and GFP were 
already present in the binary vectors pBI121 and pGRAB respectively. Protein 
coding sequences not present in binary vectors were amplified from the relevant 
plasmids using the corresponding primers, described in Table 3-2, to add restriction 
enzyme recognition sites. All restriction enzyme digests and cloning procedures 
were carried out as described in detail in section 2.4. All amplicons were sub-cloned 
by TA cloning to pGEM-T Easy vector for sequencing. For single proteins (iLOV, 
mRFP, DRONPA and GFP) sequences without errors were subsequently cloned to 
the plant transformation binary vector pBI121 by standard restriction digest cloning. 
For fusion constructs, various combinations of iLOV and mRFP were cloned in 
frame as translational fusions in pBI121. Restriction enzyme sites in the binary 
vector pBI121 occur in the order BamHI, KpnI and SacI. By including combinations 
of these restriction sites on either the forward or reverse oligonucleotide primers 
(Table 3-2), with or without stop codons, iLOV-iLOV, iLOV-mRFP, mRFP-iLOV, and 
mRFP-mRFP could be generated. Having generated fusion constructs, and 
confirmed translational fusion by sequencing, binary vectors were transformed into 
Agrobacterium tumefaciens strain GV3101 as described in section 2.4.12. 
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Table 3-2 Primers to clone fluorescent protein fusion construct for plant transformation vectors 

Primer name Seq 5' - 3' TM 
Additional restriction enzyme 
site 

DRONPA_F ATGGTGAGTGTGATTAAACC 50 NA 

DRONPA_R TTACTTGGCCTGCCTCGGCAG 67 NA 

mRFP_F ATGGCCTCCTCCGAGGAC 61 NA 

mRFP_R_STOP CTAGGCGCCGGTGGAGTG 63 NA 

mRFP_BAM_F ACA GGATCC ATGGCCTCCTCCGAGGAC 61 BamHI 

mRFP_KPN_R_NO_STOP ACA GGTACC GGCGCCGGTGGAGTG 61 KpnI 

mRFP_KPN_F ACA  GGTACC ATGGCCTCCTCCGAGGAC 61 KpnI 

mRFP_SAC_R_STOP ACA GAGCTC CTAGGCGCCGGTGGAGTG 63 SacI 

iLOV_F ATGGCTAGCATAGAGAAGAATTTC 56 NA 

iLOV_R_STOP CTATACATGATCACTTCCATCGAGCTG 63 NA 

iLOV_BAM_F ACA GGATCC ATGGCTAGCATAGAGAAGAATTTC 56 BamHI 

iLOV_KPN_R_NO_STOP ACA GGTACC TACATGATCACTTCCATCGAGCTG 62 KpnI 

iLOV_KPN_F ACA GGTACC ATGGCTAGCATAGAGAAGAATTTC 56 KpnI 

iLOV_SAC_R_STOP ACA GAGCTC CTATACATGATCACTTCCATCGAGCTG 63 SacI 

GFP_F ATGAGTAAAGGAGAAGAACTTTTC 53 NA 

GFP_R_STOP CTATTTGTATAGTTCATCCATGC 52 NA 



- 42 - 

 Floral dip transformation of Arabidopsis thaliana 3.3.2.2.

Eight Arabidopsis thaliana plants were used for each construct. Plants were grown 
in the glass house typically at 20 oC under long day conditions, until several 
unopened flower buds could be seen.  

Twenty millilitres of LB medium containing the relevant antibiotics were inoculated 
with a single colony, or a scrape from a glycerol stock, of A. tumefaciens strain 
GV3101 containing the relevant binary vector. The culture was incubated with 
shaking (200 rpm) at 28 oC overnight. The entire 20 ml culture was used to 
inoculate 200 ml of LB medium containing the same concentration of the relevant 
antibiotics. The 200 ml culture was incubated with shaking (200 rpm) at 28 oC for 
approximately 4-5 hours until OD at A600 was 0.5-0.8. The bacteria were pelleted by 
centrifugation at 4000g for 10 minutes and resuspended in 200 ml of 5% sucrose 
containing 100 μl Silwet (LEHLE seeds, USA). A. thaliana inflorescences were 
submerged in the solution for 2 minutes with occasional agitation, removed and the 
plants placed under a propagator lid for 24 hours. Plants were then allowed to 
continue growing as normal and the seed was collected and screened for 
successful transformation events.  

 Surface sterilisation of Arabidopsis thaliana seeds 3.3.2.3.

Prior to use in sterile tissue culture, Arabidopsis thaliana seeds were surface 
sterilised by soaking in 20% v/v household bleach for 20 minutes at room 
temperature on a rotational mixer. All work following bleach treatment was carried 
out in a laminar flow hood to prevent re-contamination. The seeds were then 
washed 5 times in sterile H2O by centrifugation at 3000 g for 30 seconds to remove 
all traces of bleach. 

 Selection of transformed seeds 3.3.2.4.

Successfully transformed seeds were identified in tissue culture using kanamycin 
selection. T1 seeds were allowed to germinate on ½ MS 10 plates containing 
50 μg/ml kanamycin. Successfully transformed seeds were able to progress to the 
first 4 true leaf stage on this media, at which point the T1 plants were transferred to 
individual ½ MS 10 plates. A single leaf was taken, flash frozen on removal, and 
used for DNA extraction (Section 2.4.6) and subsequent PCR using gene specific 
primers (Section 2.4.1) to confirm the presence of the transgene.  

In some cases the binary vector used for transformation conferred DL-
Phosphinothricin (BASTA – Duchefa Biochemie, Netherlands) resistance. 
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Transformants of these lines were identified following growth in soil. T1 Seeds were 
thinly spread on a 30 cm by 10 cm tray of compost. Once seeds had germinated, 
BASTA was sprayed directly onto the surface of the leaves, once per week for three 
weeks at a concentration of 0.75 mg/L in sterile distilled water containing 0.04% 
Silwet (LEHLE seeds). Successfully transformed plants, identified as those that had 
survived this treatment, were transferred to individual pots, and a single leaf taken, 
flash frozen on removal, and used for DNA extraction (Section 2.4.6) and 
subsequent PCR using gene specific primers (Section 2.4.1) to confirm the 
presence of the transgene.  

 Selecting high expressing lines 3.3.2.5.

For all lines containing the desired transgene, the highest expressing lines were 
identified either by SQRT-PCR (Section 2.4.9) with the relevant gene specific 
primers, or by qualitatively assessing the brightness of relevant fluorescent protein 
(below).  

Ten to twelve transgenic A. thaliana seeds of each line were grown in sterile tissue 
culture on ½ MS 10 media. After 2 weeks roots were sufficiently developed to 
assess the expression levels of fluorescent proteins on the basis of the strength of 
the fluorescent protein signal. Bright field and fluorescent images were acquired for 
each plant using a Leica Leitz DMRB binocular microscope (Leica microsystems, 
Milton Keynes, UK). Fluorescent images were converted to grey scale, inverted and 
the number of non-white pixels counted. As this count will depend on the total 
amount of root present to start with (regardless of brightness) the total root area 
was estimated in a similar manner, in this case counting every pixel that was not 
background colour. This gave a relative brightness per area of root tissue that was 
used to prioritise the highest expressing lines. Pixel counts were carried out using a 
custom script. 

 Surface sterilisation of juvenile nematodes 3.3.2.6.

Prior to use in tissue culture, hatched second stage juvenile nematodes (J2s - 
section 2.3.2) were pelleted in 1.5 ml microfuge tubes (Maxymum Recovery™ – 
Axygen, Amsterdam, NL). J2s were resuspended in an appropriate volume of 
hexadecyltrimethylammonium bromide (CTAB - 0.5 mg/ml – Sigma) containing 
0.1 % v/v chlorhexidine digluconate (Sigma) and 0.01% v/v Tween-20. J2s were 
sterilised in this solution for 25 minutes at room temperature on a rotator in a 
laminar flow hood and were subsequently suspended in sterile distilled water at a 
concentration of approximately 1 nematode per μl. 
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 Infecting Arabidopsis thaliana with juveniles in 3.3.2.7.
tissue culture 

Arabidopsis thaliana grown on vertical square ½ MS 10 medium plates (10 g/L 
agar) were infected 2 – 3 weeks post germination. Typically 5 plants were grown on 
each 12 cm square plate (Sterilin, Newport UK), with three infection points per 
plant. Thirty surface sterilised J2s were applied to each infection point, after which a 
single square (0.5 cm) of sterile GF/A paper (Whatman) was placed on top of the 
infection site. The plates were sealed with micropore tape and incubated at 20 oC 
under long day conditions. GF/A squares were removed in a laminar flow hood 2 
days later and the plates were re-sealed and returned to the incubator.  

3.3.3. Detecting uptake of fluorescent/fusion constructs 

 Fluorescence microscopy 3.3.3.1.

Ten to twelve transgenic A. thaliana seeds of each high expressing line were grown 
in sterile tissue culture on ½ MS 10 media. Two weeks post sowing roots were 
sufficiently developed to infect with J2 nematodes (3.2.1.5). Successfully infecting 
nematodes were viewed in situ under a Leica Leitz DMRB binocular microscope to 
visualise presence of the fluorescent protein in the digestive system of the feeding 
female.  

 Confocal Microscopy 3.3.3.2.

Transgenic plants expressing fluorescent protein constructs were grown as 
described above (3.2.1.3) and infected as described in section 3.2.1.5. Sections of 
root containing syncytia and feeding nematodes were removed and placed on a 
microscope slide under a cover slip. In some cases cover slips were placed over 
the agar plate and nematodes were visualised in situ. Confocal microscopy was 
carried out using an axioCam HPC camera (Carl Zeiss Microimaging, New York, 
USA) mounted on a Zeiss LSM710 confocal microscope (Carl Zeiss Microimaging). 
Images were captured and processed using the software package Zen 2011 
version 7.0 (Carl Zeiss Microimaging). Spectra for mRFP were obtained from either 
mRFP expressing plants without nematodes or purified mRFP protein.  
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3.4. Results 

3.4.1. Computational protein size prediction 

RotaMol calculates the area of an image over a range of different viewing angles. In 
addition to analyte size, there are two variables that will affect the result, the 
resolution of the measurement (Pixelskip – Figure 3-1) and the number of viewing 
angles taken (inversely proportional to the angle of rotation, θ). For the Pixelskip 
analyses, a θ of 30o was used on the PDB model of mRFP. Pixelskip was altered in 
a stepwise manner for every integer between 3 and 100. Figure 3-2 shows the area 
of the protein in Angstroms2 (Å2) plotted against Pixelskip. Increasing Pixelskip from 
3 to 40 resulted in no appreciable decrease in accuracy. The pattern of regular 
peaks and troughs above a Pixelskip of 40 is characteristic of all proteins measured 
(n=20), highlighting the inaccuracy associated with use of high Pixelskip values. 
The optimum value for Pixelskip was defined as 20, as it provided the highest 
accuracy for the shortest computational time.  

For the θ analyses, a Pixelskip of 20 was used on luteinising hormone-releasing 
hormone (LHRH, PDB code; 1YY2). Decreasing θ results in more viewing angles 
being analysed. The angle of rotation θ was increased from 1o to 180o, 
corresponding to a decrease in the number of viewing angles from 32,400 to 1 
respectively. Figure 3-2ii shows the average area of LHRH plotted against the 
number of viewing angles used to make the average. There was no appreciable 
difference between the average area predicted using 32 viewing angles, and that of 
32,400. The optimum value for θ was therefore defined as 30o. Using these newly 
defined default parameters, predictions made by RotaMol were compared to the 
existing prediction methods, MOBCAL Exact Hard Sphere Scattering (EHSS) and 
projection approximation (PA) (Figure 3-3). Trajectory method was not included as 
it was not published for all proteins in the comparison. In the majority of cases 
(70%) the predictions made by RotaMol lay between PA and EHSS. 
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Figure 3-1 The number of pixels measured by RotaMol with varying degrees of 
Pixelskip for a single viewing angle of GFP. The images represent every 
pixel analysed at varying Pixelskips, at a Pixelskip of 1 every pixel is 
measured, at a Pixelskip of 50, 1 in every 50 pixels are measured. The 
number of pixels is then multiplied by the Pixelskip for X and Y. 

 

 

 

 

 

Figure 3-2 Empirically derived optimum values for RotaMol parameters. i) 
RotaMol analysis of mRFP at θ = 30

o
 varying Pixelskip in a stepwise manner 

from 3 to 100. Average area (black) in Angstroms
2 

plotted against Pixelskip. 
Computation time (red) plotted on left axis in seconds, shows exponential 
increase with decreasing Pixelskip. The optimum value for Pixelskip was 
defined as 20, as it has the highest accuracy with the shortest computational 
time (arrow). ii) RotaMol analysis of Luteinising hormone-releasing hormone 
(LHRH) using a Pixelskip of 20 and varying the number of viewing angles 
from 1 to 32,400 (θ = 180 o to 1 o). The optimum value for the number of 
viewing angles is defined as 32 (θ = 30 o) as it has no appreciable difference 
when compared to 32,400 viewing angles (θo=o1). 
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Figure 3-3 Comparison between RotaMol predictions and existing prediction 
methods. Predictions shown for MobCal Exact Hard Sphere Scattering 
(EHSS) in grey bars, and Projection Approximation (PA) in striped bars, 
compared to RotaMol, in black bars, for a range of proteins (PDB code given) 
from published sources. For the majority of predictions (70 %) RotaMol lies 
between that of PA and EHSS ( indicates the cases where RotaMol 
predictions are not between PA and EHSS) [16, 21, 22]. 
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3.4.2. Protein analyses 

 Protein expression and removal of HIS tag 3.4.2.1.

Having determined the optimum parameters for RotaMol, and compared its 
predictions to existing methods, the accuracy of its predictions was tested using 
three proteins of particular interest to cyst nematode feeding tube size exclusion, 
mRFP, GFP and Dual PI. Each protein was expressed in E. coli, and purified using 
nickel affinity chromatography. Figures 3-4 and 3-5 show the elution 
chromatograms for the three proteins. For GFP (Figure 3-4i), A single peak of 
protein was eluted from the column as confirmed by absorbance at A280 and A230, 
reflecting aromatic rings and peptide bonds respectively. For mRFP (Figure 3-4ii) a 
peak of protein was eluted from the column as confirmed by absorbance at both 
A280 and A605, in the case of the latter, detecting the colour of the expressed protein. 
For mRFP and GFP, eluted fractions corresponding to absorbance peaks were 
collected and confirmed visually to contain functioning fluorescent proteins. In the 
case of Dual PI, multiple elution peaks can be seen that, as confirmed by SDS-
PAGE, all correspond to the protein of interest (Figure 3-5). As the extraction was 
carried out under native conditions the presence of multiple peaks may indicate the 
presence of oligomers.  

Prior to further protein analysis, the HIS tag was removed from all three expressed 
proteins by thrombin digestion. Figure 3-6 shows a drop in molecular mass of 
approximately 2 kDa corresponding to the loss of the His tag. It is interesting to note 
that, despite the denaturing conditions of the SDS-PAGE, Dual PI does not migrate 
as a single band. Importantly, all bands identified correspond to Dual PI, rather than 
contaminating bacterial protein, because all experience the drop in molecular mass 
as a result of losing the His tag. There appear to be degradation products present 
for mRFP as the sum of the molecular mass of the two lower bands corresponds to 
that of the upper band. In addition, one of the bottom two bands experiences a 
2 kDa shift in molecular mass corresponding to the HIS tag removal. All subsequent 
mass spectrometry experiments only analysed proteins of a mass corresponding to 
the non-degraded form of mRFP. 
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Figure 3-4 Elution Chromatograms for GFP and mRFP respectively. Protein 
eluted from the His-Trap column by increasing concentration of imidazole 
(purple). i) Absorbance measured at 280 nm (blue) and 230 nm(green), arrow 
indicates peak that corresponds to GFP. ii) Absorbance measured at 280 nm 
(blue) and 605 nm (green), arrow indicates peak corresponding to mRFP. In 
both cases the peaks predicted to be mRFP and GFP respectively were 
confirmed visually for GFP (left) and mRFP (right) (iii).  
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Figure 3-5 Elution Chromatograms for Dual PI and a blank run. Protein eluted 
from the His-Trap column by increasing concentration of imidazole (purple). i) 
Absorbance measured at 260 nm (blue) and 280 nm (green). ii) Absorbance 
measured at 260 nm (blue) and 280 nm (green). iii) The result of subtracting 
negative (ii) from Dual PI elution data (i), arrows indicate multiple peaks that 
correspond to Dual PI, as confirmed by analysing an aliquot of each fraction 
on SDS-PAGE (iv). 
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Figure 3-6 Removing His tag from expressed proteins by thrombin digestion. 
Thrombin specifically cleaves the His tag from expressed proteins as seen by 
a shift in apparent molecular mass of approximately 2 kDa on SDS-PAGE 
(example indicated by arrows). The protein degradation products for mRFP 
are present before thrombin digestion, one of which experiences a drop of 2 
kDa following digestion suggesting that the bands correspond to two halves of 
mRFP. Thrombin digestion appears to be sufficiently complete at a ratio of 
1:10 when incubated with recombinant proteins overnight at room 
temperature. All bands in the Dual PI lane experience a shift in apparent 
molecular mass, suggesting they all correspond to Dual PI in various 
conformations.  
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 Travelling wave ion mobility spectrometry – mass 3.4.2.2.
spectrometry 

A comparison was made between predicted CCS derived using RotaMol, and those 
measured experimentally using ESI-Travelling Wave Ion Mobility Spectroscopy – 
MS (TWIMS-MS). Equal quantities of purified mRFP, GFP and Dual PI in 50 mM 
ammonium acetate were analysed by ESI-TWIMS-MS. Figures 3-7i, ii and iii show 
the individual spectra and corresponding drift plots for GFP, mRFP and Dual PI 
respectively. For GFP (Figure 3-7i) a strong signal was detected for the monomeric 
species at molecular mass 27,334 Da and a signal corresponding to a dimer at 
54,627 Da. mRFP was present as a monomeric form of molecular mass 25,786 Da 
and a dimeric form in low abundance at 51,575 Da (Figure 3-7ii) For Dual PI a 
single dimeric species could be detected, but in such low abundance that its mass 
or size could not be accurately determined. Two monomeric forms were identified 
corresponding to a folded and an unfolded conformer both of 21,690 Da (Figure 3-
7iii). This analysis was repeated with higher concentrations of Dual PI on multiple 
occasions with the same consistent pattern. Measured size of analytes was 
calculated by comparison to known standards, predictions were made with RotaMol 
(Pixelskip = 20, θ = 30o). Table 3-3 shows the predicted size and measured size for 
both mRFP and GFP and the measured size for Dual PI. No size prediction is 
available for Dual PI in either conformation as there is no solved structure. 
Predictions for mRFP and GFP were 94.4% and 96.5% accurate respectively.  

 Analytical Ultra Centrifugation 3.4.2.3.

Analytical Ultra Centrifugation (AUC) characterises a protein’s hydrodynamic 
properties in the liquid phase, determining the sedimentation coefficient of a 
protein/protein complex giving information about hydrodynamic shape and 
heterogeneity without the need for interaction with a matrix or ionisation into the gas 
phase (Lebowitz et al., 2002). Prior to AUC analysis the proteins were subjected to 
a short centrifugation at 14,000g. Their absorbance at 280 nm was measured 
before and after the centrifugation. A large reduction in absorbance would signify 
that the protein is largely insoluble. As no appreciable reduction was noted for any 
of the three scans it was concluded that all protein samples were in solution (Figure 
3-8). The AUC analysis confirmed that mRFP was present as a single monomeric 
species whilst both monomeric and dimeric species of GFP were present. A 
monomeric species was detected for Dual PI, although in low abundance. The 
majority of the protein (>88%) was present in a large heterogeneous distribution of 
multimers (Figure 3-9), the molecular mass of which can be estimated to be a range 
of oligomers formed from between 4 and 12 monomers. 
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 Native PAGE 3.4.2.4.

The observed heterogeneity of Dual PI was further analysed, in the solid state, 
using Coomassie stained native-PAGE. Figure 3-10 shows Dual PI migrating as 
multiple bands under native conditions. For comparison it was electrophoresed 
alongside mRFP, which migrated as a single monomeric species. 
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Figure 3-7 ESI-TWIMS-MS drift plot of GFP, mRFP and Dual PI. For each, mass 
spectra are represented on the left and on the right the corresponding drift 
plot. i) GFP drift plot shows both monomeric species of 27,334 Da and 
dimeric species at 54,627 Da (red). ii) mRFP drift plot shows a monomeric 
species at 25,786 Da and a less intense dimeric species at 51,575 Da (red). 
iii) Dual PI drift plot shows a single weak dimeric species below the 
measurement threshold, and two monomeric species, both at 21,690 Da, 
presumed to be folded and unfolded variants. 

 

 

Table 3-3 Summary of molecular mass, size, and uptake of mRFP, GFP and 
Dual PI 

Protein Name-----------
-------------- 

Ingested by 
nematode 

Molecular 
mass (Da) 

Predicted Size 
(Å2) 

Measured Size 
(Å2) 

Predicted 
compared to 

measured (%)---
- 

Monomeric Red 
Fluorescent Protein 
(mRFP)  

 

 

Yes 25,786 1,759 1,864 94.4 

Green Fluorescent 
Protein (GFP)  

 

Conflicting 
results 27,334 1,913 1,983 96.5 

Dual Proteinase 
Inhibitor (Dual PI) - 
folded 

 

 

No 21,690 N/A 1,686 N/A 

Dual Proteinase 
Inhibitor (Dual PI) – 
unfolded 

 

 

No 21,690 N/A 3,203 N/A 
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Figure 3-8 Absorbance scans at a range of wavelengths before and after 5 
minute 14,000g centrifugation. All 3 scans show a small drop in absorbance 
following centrifugation. i) GFP shows a final absorbance at 280 nm of 0.315 
mAU ii) DUAL PI shows a final absorbance at 280 nm of 0.955 mAU. iii) 
mRFP shows a final absorbance at 280 nm of 0.621 mAU. The absorbance of 
all samples was between the required 0.1 and 1 mAU 

 
 
 
 

 

Figure 3-9 Analytical Ultra-Centrifugation (AUC) absorbance plots of mRFP, 
GFP and DUAL PI. For all samples, sedimentation coefficient is plotted 
against concentration distribution c(s). A Single monomeric species was 
detected for mRFP (red), both monomeric and dimeric species detected for 
GFP (green). A monomeric form and large heterogeneous multimers 
estimated at >150 kDa were detected for Dual PI (black). 
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Figure 3-10 Analysis of Dual PI multimers by native polyacrylamide gel 
electrophoresis. Dual PI, when electrophoresed under native conditions, 
migrates as multiple discrete bands suggesting the presence of multimers. In 
comparison mRFP electrophoresed under the same conditions migrates as a 
single monomeric species.  
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3.4.3. In planta expression of fluorescent proteins 

A range of different sized proteins were designed to span the expected size 
exclusion range of the cyst nematode feeding tube. All of these proteins, 
summarised in Table 3-4, were fluorescent proteins in order to enable detection by 
microscopy. The sizes of proteins that were monomeric, or that were similar to 
another protein for which the structure has been solved, were predicted by 
RotaMol. Following cloning of each coding region into a plant transformation vector, 
each construct was transformed into Arabidopsis thaliana for uptake experiments. 

 

Table 3-4 Summary of fluorescent protein fusion constructs and previously 
reported uptake by cyst nematodes. 

Construct 

name 
Molecular mass 

(kDa) 
Predicted size 

(Å
2
) 

Binary vector - plant selection 

marker 
Promoter      in 

planta 

Exclusion by feeding 

tube 
iLOV 13 1214 pBI121 - Kanamycin 35S Unknown 
mRFP 25.4 1768 pBI121 - Kanamycin 35S Not-excluded 

mRFP++ 27.042 N/A pK7WGR - Kanamycin 35S Unknown 
GFP 26.89 1946 pBI121 - Kanamycin 35S Conflicting results 

iLOV-iLOV 26.05 N/A pBI121 - Kanamycin 35S Unknown 
iLOV-mRFP 38.4 N/A pBI121 - Kanamycin 35S Unknown 
mRFP-iLOV 38.4 N/A pBI121 - Kanamycin 35S Unknown 
mRFP-mRFP 52.4 N/A pBI121 - Kanamycin 35S Excluded 

DRONPA Tetramer >100 >4660  pGRAB - BASTA 35S Unknown 
 

 Cloning of expression constructs 3.4.3.1.

A typical cloning procedure, using iLOV as an example, involved the following: The 
protein coding sequence of interest was amplified by PCR using gene specific 
primers with the addition of the relevant restriction enzymes for cloning (Figure 3-
11i). Amplified products were sub cloned to pGEM T-Easy vector by TA cloning and 
sequenced to ensure that no PCR errors had been introduced (Figure 3-11ii). 
Correct sequences were transferred by standard restriction digest cloning to the 
relevant plant binary vector, and transformants were identified by colony PCR 
(Figure 3-11iii). Generation of the desired clones was confirmed initially by 
restriction digest (Figure 3-11iv) and subsequent sequencing and alignment to the 
original sequence (Figure 3-11v).  
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Figure 3-11 Typical cloning procedure for plant transformation vectors using 
iLOV as an example. i) Initial PCR with gene specific primers containing the 
addition of 5’ NheI and 3’ BamHI restriction enzyme sites, with an expected 
product of 342 bp (arrow). ii) Sub cloned to pGEM-T easy vector and digested 
with NheI and BamHI to confirm the presence of the appropriate insert and 
restriction sites. iii) Colony PCR in plant transformation vector pBI121, lanes 
from left to right show 5 individual colonies, no template control and positive 
control. iv) Digested out of pBI121 with NheI and BamHI to confirm insert. v) 
Plasmid used to generate the first lane in iv was sequenced to confirm the 
insert aligns to the expected sequence with zero miss-match (identity shown 
as an “=”). 
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 Selection of transgenic Arabidopsis thaliana 3.4.3.2.

Successfully transformed Arabidopsis thaliana were identified either by treating T1 
seedlings with BASTA or plating T1 seeds onto selection media where appropriate. 
Figure 3-12 shows a typical result from the selection process. Once these plants 
were established, DNA was extracted and PCR carried out with gene specific 
primers. The BASTA treatment had a false positive rate of 18% as confirmed by 
gene specific PCR. Kanamycin selection, confirmed in the same manner, had a 
false positive rate of < 1%. 

 Selection of high expressing lines 3.4.3.3.

Having identified a number of lines for each construct containing the relevant 
transgene, the expression of the transgenes was analysed. In the case of 
fluorescent proteins that could be visualised an initial qualitative approach was 
taken using fluorescence microscopy. Figure 3-13 shows comparison between wild 
type (Figure 3-13A) and transgenic plants expressing mRFP (Figure 3-13B). This 
expression was quantified by transforming the image to grey scale (Figure 3-13iii), 
inverting (Figure 3-13iv) and counting the number of non-white pixels. All fusion 
constructs containing exclusively iLOV proteins could not be visualised. In these 
cases, semi-quantitative RT-PCR was used (Figure 3-13C). High expressing lines 
were identified by comparison of the intensity of a product obtained using gene 
specific primers with that from a control gene (elongation factor). For fusion 
constructs that contained one fluorescent protein fused to iLOV, the expression of 
the construct was quantified using the visible fusion protein only. In both cases the 
fusion proteins were confirmed to be intact in planta by western blot analysis 
(Figure 3-14). 
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Figure 3-12 Selection of successfully transformed Arabidopsis thaliana. i and 
ii) Selection of positive transformants (circled) by BASTA selection and 
kanamycin selection respectively. iii) Subsequent PCR on DNA extracted 
from DRONPA transformed A. thaliana that passed BASTA selection. In this 
case lines 4, 9 and 10 were negative for the transgene. 
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Figure 3-13 Selection of high expressing transgenic Arabidopsis thaliana. For 
fluorescent proteins that could be visualised, high expressing lines were 
selected qualitatively. i and ii show 4 images of WT and transgenic lines 
respectively. Comparing bright field (a), and fluorescence (b) reveals 
expression levels. Expression was quantified by transforming the image to 
grey scale (c), inverting (d) and counting the number of non-white pixels. A 
similar counting procedure was carried out for bright field images to 
normalised for initial root quantities. For constructs that could not be 
visualised, semi-quantitative RT-PCR was carried out (iii). High expressing 
lines (arrow) were identified by comparing quantity of gene specific amplicon 
(bottom) to elongation factor amplicon (top). 
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Figure 3-14 Detection of intact fusion constructs, expressed in planta, by 
western blot. Confirming detection of intact iLOV-mRFP fusion (i-m10) and 
iLOV-iLOV fusion (i-i12) in protein extracted from transgenic plants expressing 
the relevant fusion construct. No protein is detected in the wild type plants 
(WT) or the single iLOV transgenic plants (iLOV).  
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3.4.4. Uptake of fluorescent proteins 

Although it was expected that all fluorescent proteins would be detectable, as 
described this was in fact not the case. For those that could be visualised, H. 
schachtii infecting transgenic A. thaliana lines expressing the fluorescent constructs 
were visualised initially using fluorescence microscopy. This however had 
insufficient resolution and brightness to definitively detect uptake, and so confocal 
microscopy was used for all uptake experiments (Figure 3-15). mRFP fluorescence 
can be seen in discrete bodies within the gut of the nematode (Figure 3-16). 
However similar patterns of fluorescence are also seen for male, and juvenile 
nematodes that do not feed. It is therefore assumed that this is, in fact, auto 
fluorescence from lipid droplets.  

In no combination of fluorescent constructs tested could we replicate uptake results 
similar to those published. Spectral un-mixing was carried out and yet still even the 
exact spectrum of mRFP was visible in these lipid droplets of non-feeding 
nematodes. Juvenile nematodes prior to infection also had similar auto-fluorescent 
patterns. Taken together these results suggest that confocal microscopy of uptake 
is an inadequate tool for testing feeding tube size exclusion. 
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Figure 3-15 Fluorescence microscopy to detect uptake of fluorescent proteins 
by cyst nematodes. Wild type (left) and GFP (right) A. thaliana roots can be 
seen infected with the cyst nematode H. schachtii (N) with the syncytial region 
highlighted (S). Although the roots of the GFP expressing plant are “more 
green” than the wild type, there is insufficient brightness and resolution to 
determine uptake by the nematode conclusively.  
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Figure 3-16 Confocal microscopy to detect uptake of mRFP. Confocal 
microscopy of transgenic A. thaliana expressing construct mRFP++. Bright 
field, fluorescence, and overlay can be seen for three nematodes (N) feeding 
on roots (R). Red fluorescence can be seen in discrete bodies within the 
nematodes. 
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Figure 3-17 Confocal microscopy to detect uptake of DRONPA. Confocal 
microscopy of transgenic A. thaliana expressing construct DRONPA. Bright 
field, fluorescence, and overlay can be seen for a nematode (N) feeding on 
roots (R). No green fluorescence can be seen within the nematode. 
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3.5. Discussion 

Nematode feeding tube size exclusion has remained unclear for a number of years. 
In previous studies molecular mass has been used as an indicator of protein size. 
In this study we aimed to clarify the conflicting results between previous size 
exclusion experiments by assessing the size and heterogeneity of the proteins 
tested. We then aimed to further resolve the size exclusion limit by designing a 
range of proteins to span the size range previously tested. 

3.5.1. Quality of computational size predictions - RotaMol 

For the two measured proteins, mRFP and GFP, the CCS predictions made by 
RotaMol were 94.4% and 96.5% of the measured values respectively. However, 
these need to be put in the context of other prediction methods. Of the available 
prediction methods, MOBCAL is the most widely used (Shvartsburg and Jarrold, 
1996, Shvartsburg et al., 1998, Mesleh et al., 1996). It has been noted on a number 
of occasions that the MOBCAL Projection Approximation (PA) approach has a 
tendency to underestimate protein size measurement (Shvartsburg et al., 2007, 
Smith et al., 2009, Jurneczko and Barran, 2011), whereas the MOBCAL Exact Hard 
Sphere Scattering (EHSS) and MOBCAL Trajectory Method (TM) have a tendency 
to overestimate protein size measurement (Smith et al., 2009). For a series of 
published protein size predictions and measurements, ranging from 1,000 to 64,000 
Da (n=20) (Shelimov et al., 1997, Valentine et al., 1997, Hopper and Oldham, 
2009), 70% of predictions by RotaMol fell between the MOBCAL PA and EHSS 
values (TM was not published for all proteins and so was not included in the 
comparison). RotaMol differs from the traditional PA approach in that it will measure 
any surface loaded onto the protein in PyMol, the cases described herein used the 
1.4 Å solvent accessible surface. A common criticism of the PA approach is its 
inability to take into account electrostatic forces (Jurneczko and Barran, 2011), 
however in place of the 1.4 Å solvent accessible surface, a projected image of 
external charge can be loaded onto a protein model in PyMol (Figure 3-18). This 
can then be used for downstream RotaMol analyses to give a combined measure of 
shape and charge. It is interesting to note that there was no difference between the 
average area made from 32 viewing angles and that of 32,400, despite the inherent 
asymmetry of the protein in question (LHRH - Figure 3-2).  
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Figure 3-18 GFP and mRFP external charge comparison. Electrostatic 
potentials, negative (red) and positive (blue), are shown for GFP (i) and 
mRFP (ii) generated using PyMOL and the APBS tools plugin.  

 

  



- 69 - 

3.5.2. Heterogeneity, quaternary structure, aggregation and 
their effects on feeding tube size exclusion 

Assessing the conformations and heterogeneity of proteins used in previous size 
exclusion experiments has addressed the lack of correlation between molecular 
mass and observed passage through the feeding tube. In the literature, all cyst 
nematodes tested have been able to uptake mRFP. Weak dimer formation was 
noted in the mass spectrum (Figure 3-7ii), however no such formation was 
observed in the AUC (Figure 3-9). ESI-MS is considerably more sensitive than 
AUC, and it has been known that oligomers can be detected in the former rather 
than the latter for the same sample (Woods et al., 2011). Moreover, as the AUC 
analysis is performed in the liquid phase, the conformation of mRFP here is 
expected to be more analogous to that in vivo. GFP was noted to form a dimer in 
the mass spectrum, whilst in AUC roughly half of the GFP was present as a dimer. 
The GFP dimer was measured at 160% the size of GFP monomer (Table 3-3), 
assuming a similar ratio in vivo, detecting the remaining GFP being taken up by the 
nematode would be challenging. In general, it is known that protein concentration is 
directly proportional to aggregation under quiescent conditions (Treuheit et al., 
2002, Fields et al., 1992), and this is not the first report of GFP forming dimers 
(Zacharias et al., 2002), highlighting the care needed when selecting reporter 
proteins.  

Dual PI was one of the least massive proteins tested for exclusion and yet has 
never been detected to pass through the cyst nematode feeding tube. The mass 
spectrum shows weak dimer formation, but more importantly two different 
monomeric states are present, folded and unfolded (Figure 3-7). Not only does the 
unfolded state have a considerably larger measured size (nearly twice that of the 
folded), it may also play a role in aggregation (Roberts, 2007). The AUC revealed 
multiple different oligomers of dual PI. These were in the mass range of 4-12 times 
that of the monomer. From this study it is unclear if the oligomers are formed from 
the folded, unfolded, a partially folded intermediate or a combination of all three 
forms (Roberts, 2007, Raso et al., 2005, Kiese et al., 2008). These aggregates 
were not present in the mass spectrum, suggesting an inability to ionise some of 
the aggregates into the gas phase, highlighting a potential limitation of ESI-MS in 
assessing protein interactions in this case. AUC and Native-PAGE both highlighted 
the aggregates, the former suggesting that the majority of the protein (>88%) was 
present in a large heterogeneous distribution. This estimate of 88% is, if anything, 
conservative as it does not take into account any of the aggregates above a 
sedimentation coefficient of 20 S. When Dual PI was expressed in planta it was not 
detectable in the feeding nematode (Urwin et al., 1998). The monomeric form 
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detected in both AUC and MS is smaller than GFP and more importantly mRFP, as 
such it would be expected to pass through the feeding tube. In light of our results it 
is likely that the Dual PI is aggregating and, as a consequence, either the 
aggregates are excluded by the feeding tube, or they are forming insoluble 
inclusions in the cytoplasm and are therefore inaccessible for uptake (Kiese et al., 
2008, Carpenter et al., 1999). 

3.5.3. Fluorescent proteins as a tool to test uptake 

Although uptake of mRFP has been demonstrated convincingly (Valentine et al., 
2007), and uptake of GFP has been demonstrated in some experiments (Goverse 
et al., 1998), we were unable to confirm either of these with fluorescence or 
confocal microscopy. This type of experiment is difficult with cyst nematodes in 
particular as the cuticle and internal lipid bodies have been shown to auto-
fluoresce. Importantly, it was not possible to separate this auto-fluorescence from 
the actual spectrum of mRFP even with the use of spectral un-mixing. This 
highlights a limitation of confocal microscopy in uptake experiments, that may have 
had an impact on some of the conclusions of previously published works. Similarly, 
we were not able to achieve close to the levels of expression previously 
demonstrated in planta for iLOV (Chapman et al., 2008). This held true for all single 
iLOV lines tested and all iLOV fusion proteins, including the double iLOV-iLOV 
fusion.  

3.5.4. Further resolution of cyst nematode feeding tube size 
exclusion 

In this study we produced a range of different sized proteins to try to better resolve 
the size exclusion cut-off of the cyst nematode feeding tube. Even if they had been 
detectable in the nematode digestive system not all of these proteins could have 
their size predicted using RotaMol, as protein structures were not available. 
Computational prediction of protein structures is possible, and much work has been 
done in recent years to improve accuracy. The vast majority of available prediction 
methods are homology based, and are therefore improving with the steady increase 
of solved structures. Modelling the structure of a single iLOV protein is therefore 
trivial as the structure has been solved of a highly related protein. However in the 
case of fusion protein constructs, no information is available, and so protein 
structure prediction fails. Moreover, protein folding in planta is a complex process 
(as demonstrated by Dual PI), and one cannot simply assume that a fusion 
construct will have a structure similar to a combination of the two halves. 
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Determining protein structures is a difficult and time consuming task that relies on a 
number of assumptions, the most important of which is the ability for the protein in 
question to form crystals. It is not practical to experimentally determine the structure 
of all the fusion proteins expressed in planta. When designing novel compounds to 
target cyst nematodes, such as Dual PI, it is important that their size and or 
heterogeneity is assessed before being tested in vivo. 

3.5.5. Comparing nematode feeding tube size exclusion to 
other biological membranes. 

Exclusion across other biological membranes has been previously explored and, as 
would be expected, the basis for exclusion depends on the membrane in question. 
In plasmodesmata, hydrodynamic radius is quoted as the single determining factor 
of exclusion (Rutschow et al., 2011, Terry and Robards, 1987). This may not be the 
case for the cyst nematode feeding tubes. In terms of size, monomeric GFP is just 
6% larger than mRFP and yet from some of the size exclusion experiments, is 
excluded by the feeding tube. A sharp cut-off would be expected if the pore size of 
the feeding tube was uniform. This may be the case for some nematode species, 
such as the root knot nematode Meloidogyne incognita. Electron microscope 
images of the feeding tube of M. incognita show a regular structure with discrete 
pores (Hussey and Mims, 1991). The conflicting data for the cyst nematodes 
suggests that pore size may follow a continuous probability distribution as would be 
expected from a non-uniform mesh, such as the glomerular epithelial filtration 
membrane (Edwards et al., 1999). Although this analogue has completely different 
evolutionary origins, it may share properties with the cyst nematode feeding tube. 
Indeed scanning electron micrographs of the cyst nematode feeding tube do not 
show a regular structure with discrete pores. The glomerular epithelial membrane is 
a meshwork of type IV collagens and a large number of experiments have been 
carried out to characterise the filtration properties of this membrane. Size exclusion 
of the glomerular epithelial membrane is typically defined as a sieving coefficient for 
a given structural unit, as opposed to a discrete limit, due to its heteroporous 
structure (Edwards et al., 1999). This is typical for the main manufactured form of 
ultrafiltration device, a depth filter. In depth filters, much of the rejection process 
occurs within the walls of the membrane, as opposed to at the surface in aptly 
named surface filters. It is therefore possible that although cyst and root knot 
nematodes, which evolved biotrophic parasitism independently, both create a 
feeding tube, each uses a different type of filtration system. The cyst nematode 
feeding tube is more analogous to a depth filter, whereas the root knot nematode 
feeding tube is more analogous to the regular structure of a surface filter.  
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Size alone is not sufficient to describe filtration across the glomerular epithelial 
membrane, transport of negatively charged molecules appears to be reduced 
relative to uncharged molecules (Guasch et al., 1993). Applying this logic to feeding 
tube size exclusion may explain some of the conflicting results. As previously 
suggested the presence of dimeric GFP will affect the outcome of size exclusion 
experiments. In addition the monomeric form itself may also pose problems. 
Monomeric GFP is only slightly larger than mRFP and the AUC peaks for GFP 
monomer and mRFP monomer lie directly on top of one another, suggesting they 
behave similarly in solution. However, GFP has a considerably larger external 
negative charge (Figure 3-18), and this may explain why analysis of the filtration of 
GFP across the feeding tube has been so difficult. The Debye-Hückel theory of 
charged solute interactions describes the difference in apparent size of charged 
molecules and pores, where a charged molecule of 29Å will behave in the same 
manner as an uncharged molecule of 37Å (Tencer et al., 1998). A relationship 
between size/shape and charge may therefore be needed to fully understand 
feeding tube size exclusion. 

Technically, measuring sieving coefficients across the feeding tube membrane, if at 
all possible, will be a considerable challenge. Similarly, until a reliable method is 
developed to detect exclusion or passage through the feeding tube further work on 
resolving the limit will be difficult. It seems that a definitive size exclusion limit may 
never be found. However, based on the published literature for homogenous 
proteins (Valentine et al., 2007, Goverse et al., 1998), the size exclusion of the cyst 
nematode feeding tube is at least 1,864 Å2. 
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Summary 

• Created a novel method for measuring protein size in silico 
 

• Validated the method against experimental measures of protein size 
 

• Based on published works, the prediction of the maximum size of cyst 
nematode size exclusion is estimated at 1,864 Å2 
 

• Unable to further resolve the size exclusion limit with different sized 
fluorescent proteins 
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4. Identification of candidate feeding structure genes 

4.1. Introduction 

As covered in detail in Chapter 1 and 3, electron microscopy studies have identified 
two key structures produced by endoparasitic nematodes that are directly 
associated with the plant-nematode interface; the feeding tube and the feeding plug 
(Holtmann et al., 2000, Endo, 1978, Rebois, 1980, Razak and Evans, 1976, Rebois 
et al., 1975). Feeding tubes are produced inside the feeding site and are thought to 
act as molecular sieves (Eves-van den Akker et al., 2014b). Feeding plugs appear 
as electron dense material intimately associated with the plant-nematode interface 
and are located in the apoplast between the anterior end of the nematode and the 
feeding site (Endo, 1978), although their function is unknown.  

4.1.1. Effector identification strategies 

Both feeding tubes and feeding plugs fall under the broad definition of effector given 
in Chapter 1; proteins (or other factors) secreted by a pathogen into its host in order 
to manipulate the host to the advantage of the pathogen. Effector identification 
strategies from other pathogens often rely on a conserved motif. For example the 
so called RXLR effectors of oomycete species contain a highly conserved 4 amino 
acid RXLR domain, involved in translocation into the host, downstream of a signal 
peptide (Whisson et al., 2007). Similarly, and also from oomycetes, the Crinkling 
and Necrosis (CRN) effectors always contain a conserved LXLFLAK domain at the 
N-terminal of the protein (Stam et al., 2013b, Stam et al., 2013a). Finally there are 
numerous prediction software packages available for the type secretion systems of 
bacteria. However, for nematode effectors no known motif, domain, or promoter 
element has been identified to date. Typical nematode effector identification 
strategies have centred around the analysis of ESTs from the oesophageal gland 
cells. This type of analysis has been very successful in identifying effectors from a 
range of plant parasitic nematodes (Torres, 2010, Siddique et al., 2014). As mixed 
reports exist for the origin of the feeding plug (Endo, 1978, Sobczak et al., 1999), 
and no experimental reports exist for the origin of the feeding tube (Grundler and 
Böckenhoff, 1997), this type of approach may be prone to false negatives in terms 
of identifying components of these structures. This is also evidenced by the fact that 
recent proteomics studies of root-knot nematode secretions have identified 
components of the secretome that may originate from structures other than the 
oesophageal gland cells (Bellafiore et al., 2008). More recently genomic analyses 
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have been used as a tool for identification of effectors based on assumptions about 
the characteristics of “effector genes”. This type of analysis identifies large numbers 
of genes, and is highly prone to false positives. This limitation is overcome by the 
subsequent localisation of candidate gene products to tissues with the ability to 
secrete proteins into the host (Chapter 1).  

There have been very few studies of feeding plugs or feeding tubes since their 
identification in the 1970s [10,12], primarily due to the practical difficulties in 
working with sedentary endoparasites, which are small and embedded deep within 
the roots of their hosts at the biotrophic stage. However, the advent of next 
generation sequencing, in particular RNA sequencing, has provided new 
approaches to many questions in biology. Here we describe the use of RNAseq 
data coupled with evidence based assumptions on the characteristics of feeding 
tube and plug genes to identify putative, nematode-derived components of these 
structures.  
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4.2. Aims: 

Make use of the recently assembled genome, and accompanying transcriptome 
sequences of the potato cyst nematode G. pallida to identify a range of candidate 
feeding structure genes for further study. 

• Using assumptions about the characteristics of feeding structure genes, 
create a pipeline for identification of candidate genes.  

• Clone and sequence candidate genes 
• Characterise the gene family structure.  
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4.3. Materials and methods 

4.3.1. Data mining for candidate feeding structure genes 

 Differential expression analysis 4.3.1.1.

The Globodera pallida genome and life stage specific transcriptome project was 
completed in late 2013. Gene predictions along with replicated expression data for 
8 life stages across the life cycle were made available in 2012. Normalised 
expression values for each gene in each life stage were compiled in an excel file. 
The average of the two replicates was taken to produce a single expression value 
for each gene for each life stage.  

All predicted genes were tested against a series of assumptions made in relation to 
the expected characteristics of putative feeding structure genes. The first of these 
was that genes encoding components of these structures would show constitutively 
high expression during the feeding stages, and would not be expressed at the non-
feeding stages. A simple algorithm was used to identify the genes most highly up-
regulated during the feeding stages when compared to the non-feeding stages. The 
ratio of the average expression in all feeding stages to the average expression in all 
non-feeding stages was used to sort all the predicted genes. However, some 
expression values at non-feeding stages were less than 1 giving rise to 
disproportionally high values for ratio of expression. Therefore, the minimum value 
for expression in any stage was set to 1 in order to overcome this. In addition, 
genes with high expression values during some feeding stages but that were not 
expressed in others would still give a high average expression across all feeding 
stages, resulting in a high ratio assuming no expression during the non-feeding 
stages. Since such genes were unlikely to encode components of the feeding 
structures being sought (which should be constitutively present in all feeding 
stages) an arbitrary minimum value of >10 for expression in each of the feeding 
stages was set. All genes were then sorted by this ratio to give a rank order to the 
most likely candidates. The expression patterns of the top 2% were checked 
manually and if they matched the expected pattern they were taken for further 
analyses. 

 Predicted secreted protein pipeline of novel proteins 4.3.1.2.

Signal peptides and transmembrane domains were predicted using two online tools 
from the Centre for Biological Sequence analysis (CBS). Putative signal peptides 
were predicted using SignalP v4.1 (http://www.cbs.dtu.dk/services/SignalP/) and 

http://www.cbs.dtu.dk/services/SignalP/


- 78 - 

transmembrane domains were predicted using TMHMM v2 
(http://www.cbs.dtu.dk/services/TMHMM-2.0/). 

4.3.2. DNA and protein alignment 

Alignments of both DNA and protein were carried out using the command line tool 
MUSCLE v3.8.3.1 (Edgar, 2004). The “refine” command was used routinely to 
improve all alignments. Alignments were viewed in either BioEdit or Jalview 
(Waterhouse et al., 2009) Maximum likelihood phylogenetic trees were drawn in 
TOPALi V2 (Milne et al., 2009) with a minimum of 100 bootstraps. 

4.3.3. 3’RACE 

3’ RACE was carried out using the 5'/3' RACE Kit (Roche) using the supplied oligo 
dT primer, a corresponding gene specific forward primer (Table 4-1) and RNA 
extracted from feeding females as per section 2.3.3. In the case of 444 genes, 
subfamily-specific forward primers were identified by aligning all cloned sequences 
and visualising in an alignment viewer (BioEdit). The RACE procedure was carried 
out according to the manufacturer’s instructions, the resultant PCR products were 
analysed by typical gel electrophoresis and the relevant bands cloned and 
sequenced as described in section 2.4. 

4.3.4. Single nematode DNA extractions 

For the following three extraction methods 14 day post infection G. pallida females 
were flash frozen in liquid nitrogen in individual 1.5 ml microfuge tubes. 

 Whole Genome Amplification (WGA) 4.3.4.1.

Two methods were used for whole genome amplification. In the first of these, 9 µl 
(the maximum permitted volume) of DNA extracted from single nematodes using 
the NucleoSpin DNA/RNA XS kit was added prior to the Lysis and Fragmentation 
step (step 3) of the GenomePlex Single Cell Whole Genome Amplification Kit 
(Sigma). In the second, the protocol suggested in the WGA kit was carried out 
following the manufacturer’s instructions from start to finish. 

 NaOH digestion 4.3.4.2.

Samples were suspended in 20 μl of 0.25 M NaOH, centrifuged to collect the 
contents, and frozen at -80 oC. The nematodes were incubated at 25 oC overnight, 
heated to 99 oC for 3 minutes, and cooled to room temperature. The contents were 
collected by centrifugation prior to the addition of 4 μl 1 M HCl, 10 μl 0.5 M Tris-HCl 

http://www.cbs.dtu.dk/services/TMHMM-2.0/
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(pH 8.0) and 5 μl 2% Triton X-100. The contents were then vortexed to mix, 
collected by centrifugation, heated to 99 oC for 3 minutes, allowed to cool to room 
temperature and stored at -80 oC for future use. Between 0.25 and 1 μl of each 
sample was used in a 25 μl PCR reaction.  

 Chaos nucleic acid extraction buffer 4.3.4.3.

Nematodes were suspended in 200 μl “Chaos” buffer (Triant and Whitehead, 2009) 
(4.5 M guanidine thiocyanate, 2% N-lauryl sarcosine, 50 mM EDTA (pH 8.0), 0.1 M 
2-mercaptoethanol, 0.2% antifoam-A), disrupted with a pipette tip, and lysed by 
vortexing. One volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added to 
the sample, which was vortexed and centrifuged at 10,000g for 5 minutes. The 
upper aqueous phase was mixed with 1 volume of 70% ethanol with the addition of 
20 ng carrier RNA (NucleoSpin RNA XS). Total nucleic acid was extracted from the 
sample using a NucleoSpin RNA XS column, and the NucleoSpin RNA/DNA Buffer 
Set following manufacturer’s instructions. Two microliters of purified DNA were 
used for a 50 μl PCR reaction.  

4.3.5. Tandem repeat analysis 

Analysis of tandem repeat regions was carried out on genomic clones of 444 
members only. For each subfamily, the central region of the gene (between the two 
introns) was translated so that frame would be consistent with a cDNA clone. The 
software XSTREAM (http://jimcooperlab.mcdb.ucsb.edu/xstream/ 2013-8-8) was 
used to analyse the tandem repeats present for each subfamily. 

4.3.6. In vitro transcription 

Two micrograms of template plasmid DNA were linearised using 2 restriction 
enzymes for each construct in order to ensure complete linearistion. For 444 
subfamily-clones Nde I and Spe I were used while Kpn I and Xho I were used for 
the GpCys control. Digests were carried out in the appropriate digestion buffer at 
37 oC for 3 hours. 1/20th of each digest was electrophoresed on a 1.8% agarose gel 
to confirm that digestion was complete. Reactions were incubated in 0.5% SDS 
containing 200 μg/ml proteinase K for 30 minutes at 50 oC. One volume of 
phenol:chloroform:isoamylalcohol (25:24:1) was then added, the sample was 
vortexed to mix and centrifuged for 10 minutes at 14,000g. The upper aqueous 
phase was removed to a fresh microfuge tube containing 2 volumes of EtOH, 1/20th 
volume 0.5 M EDTA and 1/10th volume of 3 M NaAc. The reaction was incubated at 
-20 oC overnight to precipitate the DNA. The following day the reaction was 
centrifuged at 11,000g for 10 minutes to pellet the DNA, the supernatant was 

http://jimcooperlab.mcdb.ucsb.edu/xstream/
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removed and the pellet allowed to air dry until clear. The pellet was resuspended in 
10 μl of RNase-free water and the concentration measured using a NanoDrop 
spectrophotometer. 

Four hundred nanograms of cleaned linear template DNA were used in the 
MEGAscript in vitro transcription kit (Ambion) following the manufacturer’s 
instructions. The transcription reaction was stopped after 3 hours by addition of 
Turbo DNase. The reaction was then purified using the RNeasy Plant Mini Kit 
(Qiagen), following the manufacturer’s instructions for “RNA cleanup”, including the 
optional on-column DNA digestion. RNA was eluted in 30 μl of RNase free water.  

Gene specific cDNA was synthesised from the purified RNA using SuperScript II 
reverse transcriptase (Invitrogen) or Maxima Reverse transcriptase 
(Thermoscientific) according to the manufacturer’s instructions. In each case 220 ng 
of RNA was used, with the relevant gene specific primer. For SuperScript II, cDNA 
was synthesised at 42 oC. For Maxima reverse transcriptase the optional 65 oC 
incubation for 5 minutes was carried out, and cDNA was synthesised at 65 oC. 

4.3.7. Denaturing RNA gel electrophoresis 

Denaturing RNA gels were prepared by dissolving 1.8% agarose (w/v) in water, and 
allowing to cool to approximately 60 oC. An appropriate volume of 5 X running 
buffer was added (0.1 M MOPS pH 7.0, 40 mM NaAc ,5 mM EDTA pH 8.0) to give 
a final concentration of 1X. Finally 37% w/v formaldehyde solution (12.3 M) was 
added to obtain a final concentration of 2.2 M and GelRed (Biotium) at a ratio of 
1:20,000. The solution was mixed by gentle agitation, poured into a gel tray and 
allowed to set in a fume hood for at least 2 hours. Each sample was prepared by 
mixing 2 µg of RNA with 5 X sample loading buffer (Bioline), and 10 µl of formamide 
to make a final volume < 20 µl and a final loading buffer concentration of 1X. 
Samples were heat denatured at 65 oC for 5 minutes followed by immediate chilling 
on ice prior to loading into the gel. The gel was electrophoresed in the dark at 200 
volts for sufficient time to resolve the relevant bands (typically 2-3 hours) 
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Table 4-1 Primer sequences, annealing temperatures and expected product 
sizes where applicable. 

Primer Name Sequence 5' - 3' 
TM 
(oC) 

Expected 
product size 

(bp) 

444_3'_RACE_Sub_A GAGGTTATGACGAGCATCATC 54 N/A 

444_3'_RACE_Sub_B GAAAGGGCGGAGACAAAG 55  

444_3'_RACE_Sub_C TGAGCATCGTCTCCGTGCTG 60 N/A 

444_3'_UTR_Sub_A_R AATGACATTACAATGGCAGAG 55  

444_3'_UTR_Sub_B_R AGGCTACAAATTCACACAGC 55 N/A 

444_3'_UTR_Sub_C_R TGACACAATTACAATGGAAGG 56  

444_signalp1_F ATG GTC GGC TAA CAA TTG A 55 N/A 

444_signalp2_F ATGGCCAACAACAATCTTAA 54  

444_no_signalp_F TGGGGATGCAAGCCG 56 N/A 

444_R TTAATATTTGCATTCGCAAGC 59  

176_signalp_F ATGCAATTATTCCTCTTTTTTGTG 58 139 

176_R TCACCAGCCTCCACCG 60  

3453_signalp_F ATGATGACCCCTCTCCGCT 62 219 

3452_R TCACTTCTTTCCACCAGGGT 59  

1078_no_signalp_F CAACTATTGCCGTCAGCTATCA 60 612 

1078_R TCAGTGCCCACACTTCAGAG 60  

225_no_signalp_F CTTAAACTCGACGAAAAAATC 54 243 

225_R TTAGTCATGGGAACACAATTC 55  
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4.4. Results 

4.4.1. Identification of genes that may encode components 
of the feeding structures 

A computational approach was taken to identify an initial set of candidate feeding 
structure genes. This approach was based around the following three assumptions. 
Genes encoding components of both feeding structures would be specifically, and 
highly, up-regulated during all feeding stages of the life cycle, when compared to 
the non-feeding stages. Secondly, they would encode secreted proteins and 
therefore have a predicted signal peptide and no predicted transmembrane domain. 
Thirdly, they would lack conserved domains that had well described non-structural 
roles. 

 Expression analysis 4.4.1.1.

Using the genome assembly, and accompanying RNAseq from various life stages 
mapped to the genome, expression of each gene at each life stage could be used 
to begin the process of identifying candidate genes. All genes in the genome were 
placed in rank order according to the ratio of average expression across feeding 
stages to average expression across non-feeding stages as described in section 
4.2.2.1. The expression profile of the top 500 genes from this analysis was checked 
manually for consistently high expression across all stages (Figure 4-1), resulting in 
an initial set of 195 manually confirmed genes. 

 Signal peptide and transmembrane prediction 4.4.1.2.

The 195 genes that passed the expression analysis filter were subjected to a typical 
“secreted protein prediction pipeline” that involved the computational prediction of 
both signal peptides and transmembrane domains. Signal peptides were predicted 
using SignalP 4.1 (Centre for Biological Sequence analysis – CBS), an example of 
a positive output is shown in Figure 4-2. Transmembrane domains were predicted 
on those genes that had predicted signal peptides, a typical negative output is 
shown in Figure 4-3. This analysis resulted in 29 unique candidate genes that 
contained putative signal peptides and that lacked putative transmembrane 
domains.  
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Figure 4-1 Expression analysis of candidate feeding structure genes. 
Expression profile of manually confirmed genes, consistently highly expressed 
across all feeding life stages, with secretion signals. The normalised average 
expression at each stage is plotted on a log scale, indicating up to 10,000 fold 
over expression during feeding stages compared to non-feeding stages.  
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Figure 4-2 Typical positive output from signal peptide prediction using 
SignalP v4.1. For a 444-B subfamily gene the probability of the provided 
sequence including a signal peptide, and the point at which It is predicted to 
be cleaved (in this case between amino acid position 24 and 25) are 
indicated. 

 

 

 

Figure 4-3 Typical negative output from transmembrane domain prediction 
using TMHMM. No transmembrane domain is detected across the length of 
the protein above the significance threshold (pink line). 
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 Similarity search 4.4.1.3.

The 29 candidates that passed the expression and secretion criteria were then 
compared to all published sequences in the NCBI non-redundant nucleotide 
collection (NR). Nine of the candidates had no significant similarity to previously 
described sequences (evalue ≥ 0.005) and were kept for further analysis. Twelve of 
the 29 sequences corresponded to a gene family of uncharacterised putative 
effectors previously identified (4D06) from the closely related cyst nematodes 
Heterodera glycines (Gao et al., 2003) and Globodera rostochiensis (unpublished). 
Five of the 29 had BLAST matches to glutathione synthetases and were therefore 
discarded as feeding structure candidates. Two of the 29 identified tBLASTx 
matches to Caenorhabditis elegans cuticle collagens with very high scores, and 1 of 
the 29 to a C-Lectin binding domain containing protein. These sequences were 
therefore discarded (Table 4-2). An overview of the entire candidate feeding 
structure identification pipeline is provided in Figure 4-4. 

The following candidates were subject to further analysis, these comprised four 
genes and two gene families: 

4.4.2. Single copy genes 

Prior to further analysis, primers were designed to clone the full length coding 
sequence of selected genes from cDNA using primer3 software with default 
parameters. Cloning procedures were followed according to Section 2.4. Genes 
225, 3453 and 176 were cloned and, as expected, the cloned sequences matched 
those predicted from the genome assembly. These candidates were subject to 
further analysis described in detail in Chapter 5. 

4.4.3. Candidate 1078 misprediction 

The successfully cloned transcript of 1078 was compared to the gene coding region 
predicted from the genome sequence. Figure 4-5 shows the transmembrane results 
for predicted and cloned sequences. No significant transmembrane domain was 
predicted from the gene prediction, however cloning from cDNA revealed that the 
sequence did indeed contain a predicted transmembrane domain. Figure 4-6 shows 
an alignment of the predicted gene and the cloned gene, highlighting the region that 
was mispredicted and that corresponds to a transmembrane domain. Gene 1078 no 
longer matched the required criteria defined for candidate genes and was therefore 
discarded from further analyses. 
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Table 4-2 Summary of candidate feeding structure genes identified including expression at each life stage and BLAST hits. 

Gene/gene 
family 
name 

Gene ID Egg J2 7 Days 
post 
infection 

14 Days 
post 
infection 

21 Days 
post 
infection 

28 Days 
post 
infection 

35 Days 
post 
infection 

Male BLAST 

444 GPLIN_000907700 0.4 0.0 648.5 373.5 4188.6 7144.4 3334.0 2.3 No Hits 

444 GPLIN_001025300 0.2 0.0 382.6 602.7 4993.7 9047.1 4118.2 0.2 No Hits 

3453 GPLIN_001526200 0.2 0.3 521.2 898.2 491.6 242.9 442.2 0.2 No Hits 

176 GPLIN_000616800 0.0 4.7 325.1 277.1 181.5 209.9 216.8 4.6 No Hits 

225 GPLIN_000713700 5.5 16.1 251.6 413.7 536.5 306.9 417.7 34.0 No Hits 

444 GPLIN_001208400 6.4 8.5 33.7 89.9 27.6 65.1 60.1 1.1 No Hits 

1078 GPLIN_001341400 0.7 2.0 15.8 10.7 8.7 12.8 11.2 5.2 No Hits 

124 GPLIN_000488600 0.0 0.2 8.7 9.7 15.8 27.8 18.8 0.9 No Hits 

210 GPLIN_000679600 0.0 13.5 16.3 39.1 14.0 15.9 21.0 1.2 No Hits 

448 GPLIN_000481100 0.0 0.2 67.2 53.7 30.0 21.0 36.6 0.3 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000203300 0.4 2.4 62.3 33.3 46.5 15.7 31.9 1.6 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_001255700 0.1 0.2 72.2 43.2 33.5 25.9 34.7 0.0 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000969900 0.0 1.1 69.1 57.1 25.5 16.3 40.2 0.1 4D06-like effector 
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(Gao et al., 2003) 

448 GPLIN_000970000 0.2 1.7 277.2 80.3 64.1 38.2 74.6 0.8 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000308900 0.0 0.0 11.5 10.4 10.7 13.6 11.5 0.0 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000950600 1.6 6.7 236.4 116.6 59.9 28.0 82.8 0.8 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000243700 0.8 1.8 85.4 51.5 26.9 25.3 40.1 0.4 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000243800 0.8 1.5 151.7 98.3 40.5 27.4 59.1 0.8 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_001390400 0.0 0.2 41.6 47.6 17.8 18.0 29.3 0.5 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_001390500 0.0 0.0 2.0 46.8 23.2 22.0 24.1 0.0 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000970100 0.0 14.3 186.5 58.5 39.9 46.4 76.2 0.0 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_001606400 1.1 1.7 71.9 26.5 12.1 9.9 20.8 0.5 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000912100 3.9 2.6 121.9 48.3 21.3 11.9 36.6 0.9 4D06-like effector 
(Gao et al., 2003) 

448 GPLIN_000860700 0.0 0.0 94.8 30.1 17.5 12.0 27.0 0.0 4D06-like effector 
(Gao et al., 2003) 
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GSH GPLIN_000812300 0.6 0.1 103.1 53.1 22.5 12.4 32.6 1.2 glutathione synthetase 

GSH GPLIN_000167200 0.2 0.3 122.7 49.5 25.7 10.3 32.7 0.6 glutathione synthetase 

GSH GPLIN_000240700 1.0 0.5 149.9 61.5 27.9 13.5 36.4 1.5 glutathione synthetase 

GSH GPLIN_000241200 2.7 3.4 235.6 76.2 35.4 11.0 49.1 3.7 glutathione synthetase 

GSH GPLIN_000407200 0.0 0.1 206.5 53.7 40.9 22.4 49.4 0.2 glutathione synthetase 
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Figure 4-4 Pipeline overview for identification of putative feeding structure 
components. A summary of the process used for identifying candidate 
feeding structure genes from a complete genome. In brief, this involves 
differential expression analysis and manual confirmation of consistently high 
expression in all feeding stages, secreted protein prediction, and BLAST 
against the non-redundant nucleotide collection to exclude proteins with well-
defined non-structural roles. 
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Figure 4-5 Transmembrane predictions on predicted and cloned 1078 sequences. No transmembrane domain is predicted above the 
inclusion threshold for the gene present in the genome sequence, whereas a domain is predicted from the cloned sequence. This was 
due to the gene prediction software missing an exon (below). Gene 1078 no longer matched the criteria used to choose candidate genes 
and was therefore discarded from further analyses. 
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Figure 4-6 Alignment of mispredicted and cloned 1078 protein sequences. 
ClustalW alignment of the predicted and cloned 1078 protein sequences. 
The boxed region corresponds to an exon that was mispredicted by the 
automated gene annotation software and which encodes a putative 
transmembrane domain.  
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4.4.4. Candidate 448 gene family 

Twelve of the 29 candidate genes were all similar to a gene family previously 
described (4D06), but as yet uncharacterised, from Heterodera glycines (Gao et al., 
2003) and Globodera rostochiensis. These sequences were named “448” on the 
basis of the name provided to the G. rostochiensis sequences. The 12 448-like 
genes resulting from the candidate pipeline were used to identify further members 
of this gene family by BLAST. In total this identified 29 full length genes, that 
contain predicted signal peptides and no predicted transmembrane domains. The 
expression of all of these genes is summarised in Figure 4-7. The majority are 
expressed throughout infection, with a major peak at the early stages of infection (7 
dpi) and a minor peak at 35 days post infection.  

An alignment was made between all 29 putatively secreted 448 proteins and the 
eighteen previously identified in G. rostochiensis (Figure 4-8). The 448s in G. pallida 
can be broadly divided into three main groups (highlighted), one of which seems to 
group with the majority of G. rostochiensis sequences. 

 Candidate 448 highly conserved motif 4.4.4.1.

All secreted 448 sequences, irrespective of the group, share a conserved motif as 
shown in Figure 4-9. Moreover, this consensus sequence, termed “PCCP”, has a 
conserved location within each protein. The PCCP motif is always present at the 5’ 
end of the mature protein less than 10 amino acids after the predicted cleavage site 
of signal peptide. 
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Figure 4-7 Expression of all G. pallida 448 genes across the life cycle. 
Summarised expressions of all 448 genes. The normalised average 
expression at each stage is plotted on the Y axis, indicating that most 448 
genes have a peak of expression at 7 days post infection with a minor peak at 
35 days post infection. 
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Figure 4-8 Phylogeny of 448 genes of G. pallida and G. rostochiensis. Maximum likelihood phylogeny 
using a protein alignment of the 29 putatively secreted G. pallida 448 sequences (blue) with the 12 available 
G. rostochiensis 448 sequences (red). Boot strap support values for 100 iterations are shown as node labels. 
The 448 genes can broadly be divided into three main groups, one of which contains most G. rostochiensis 
sequences.  



- 95 - 

 

Figure 4-9 Motif common to all 448 sequences. The program MEME was used to 
predict conserved motifs in the G. pallida 448 sequences. A highly conserved 
“PCCP” sequence was detected directly following the predicted signal peptide 
cleavage site. 
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4.4.5. Candidate 444 gene family 

 Cloning from cDNA 4.4.5.1.

Based on the genomic sequence of GPLIN_001208400 
(ftp://ftp.sanger.ac.uk/pub/pathogens/Globodera/pallida/Gene_Predictions/), 
primers were designed to amplify the coding region after the predicted cleavage site 
of the signal peptide to the stop codon (Table 4-1). This primer pair amplified a 
range of different sized products (Figure 4-10). Analysis of the sequences of these 
cloned products showed that they shared large stretches of conserved bases at the 
5’ and 3’ ends of the genes, with more variable sequences in between these 
regions, and that they could be grouped into three subfamilies A, B and C. Each 
subfamily was then compared to the genome sequence of G. pallida by tBLASTn. 
Two complete genes were present, the previously identified GPLIN_001208400 and 
GPLIN_001025300, which were members of subfamily -A and -C respectively. 
There were also two gene fragments (either a partial sequence or a sequence 
containing poly-N regions), GPLIN_001135100 and the previously identified 
GPLIN_000907700, from subfamilies A and C respectively. Based on the genomic 
sequence of gene GPLIN_001208400, primers were designed to amplify this 
sequence from the start to the stop codon. These amplified a range of different 
sized products that could be placed into subfamilies A and C only. 

No subfamily-B members were present in the assembled genome sequence. 
However, two 444-like sequences were present in the de novo transcriptome 
assembly of early sedentary stage nematodes (7 days post infection), both of which 
corresponded to subfamily -B. Primers designed to amplify from the start to the stop 
codon of these sequences amplified a range of products of similar sizes that all 
corresponded to subfamily -B. It was not possible to design PCR primers from 
coding regions that would specifically amplify full length subfamily-A or C. 

 3’RACE 4.4.5.2.

Using subfamily-specific primers identified from the 3’ end of the coding sequence 
and oligodT primers, 3’ untranslated regions (UTRs) were amplified from poly A tail 
amplified cDNA. Some apparently non-specific amplification occurred, however all 
clones that corresponded to subfamily-A members always had the same 3’ UTR. 
This was also the case for subfamilies B and C, where all 3’ UTRs identified were 
identical within, but different between, subfamilies (Figure 4-11). Thus, it was 
possible to design subfamily-specific primers using a combination of the signal 
peptide and 3’ UTR sequences. Figure 4-12 shows the gene group structure, 
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available primer combinations, and their resultant PCR products on DNA extracted 
from a pool of nematodes.   
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Figure 4-10 First 444 PCR amplification of cDNA. PCR using the 444 truncated 
primers on cDNA extracted from 5 week females. Multiple amplification 
products were amplified from the single primer pair. Amplification products 
were cloned, sequenced and could be readily distinguished into three 
subfamilies.  
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Figure 4-11 3’ Untranslated regions of 444 groups A, B and C identified by 3’ RACE. 3’ RACE identified a unique 3’ UTR for each subfamily 
that was conserved within groups but different between groups leading to the identification of subfamily specific 3’ UTR primers for 
subsequent PCR analysis.  
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Figure 4-12 Schematic representation of 444 family gene structure, available 
primer pairs, and resultant PCR products on genomic DNA. Generic 
primers (blue) are able to amplify all groups. Groups are distinguished by 
PCR using a combination of 3’ UTR primers (coloured by subfamily) and one 
of the two types of signal peptide primers (red or yellow). Multiple PCR 
products are detected for each primer pair. 
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 Single nematode analysis 4.4.5.3.

When cloning candidate 444 members it was noted that variation could be seen 
within subfamilies using the same primer pair (also shown by the multiple bands 
obtained from a single primer pair Figure 4-12). The template used in the PCR 
reaction was DNA extracted from a pool of nematodes. It was hypothesised that the 
variation seen in cloned DNA sequences may be explained by one of two 
scenarios. Either each nematode contained all of the cloned sequences, or each 
nematode contained a subset, and the large number of sequences identified was as 
a result of pooling hundreds of different nematodes. To clarify this, the PCR and 
cloning was repeated on an individual worm basis for each subfamily. 

o Whole Genome Amplification 

Whole genome amplification (WGA) was used on individual worms in order to 
generate sufficient template for a PCR reaction. The whole genome amplification 
for two different nematodes appeared to be successful (Figure 4-13i). However, 
although actin sequence could be amplified (Figure 4-13ii) the generic 444 primers 
(Figure 4-13ii), and the group specific primers (Figure 4-13iii) yielded negative or 
inconsistent results. 

o NaOH digestion 

An alternative method for extracting DNA from individual nematodes was 
attempted. This involved simple NaOH digestion, and subsequent PCR of lysate 
from single individuals. From these samples, the 18S ribosomal gene was 
successfully amplified, but no combination of 444 primers resulted in PCR 
amplification (Figure 4-14). 

o Chaos DNA extraction 

Finally “Chaos” extraction was attempted on 6 individual feeding stage nematodes. 
Figure 4-15 shows the products amplified using each of the three group specific 
primer sets on the same 6 nematodes, along with Elongation Factor 1 alpha control 
(EF1α). Subfamily-A shows considerable differences between individuals. In the 
case of subfamily-C it appears that there is not just variation between genes but 
also either presence or absence. This PCR pattern for subfamily-C was repeatable. 
No such variation is seen using the control gene EF1α. Amplification products from 
each subfamily were sequenced to confirm bands did indeed correspond to 444 
genes. No two nematodes tested had the same complement of 444 genes.  
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Figure 4-13 Whole genome amplification of single nematodes. i) shows the 
resultant amplified DNA sample when electrophoresed on an agarose gel, 
with the an expected average size of fragments to be 400bp. ii) PCR on both 
amplified samples with actin and 444 generic primers. No products were 
detected using the 444 generic primers. iii) for each attempt, 444 gene 
specific primers on both amplified samples, amplification is either absent or 
inconsistent between replicates.  
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Figure 4-14 PCR on single nematode NaOH DNA extractions. Four individual 
nematodes were digested with NaOH and the lysate was analysed by PCR 
using both 18S ribosomal control primers and 444 generic primers. Actin 
primers were able to amplify a sequence of the expected size. No 
amplification could be detected using the 444 generic primers. 
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Figure 4-15 Single nematode Chaos DNA extraction. PCR using 444 gene 
specific primers and EF1α control primers on Chaos DNA extraction from 6 
individual nematodes. Considerable variation is seen between individuals in 
all 444 groups but not in the EF1α control. 
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 Apparent non-canonical splicing 4.4.5.4.

Additional variation in the tandem repeat regions was noticed when cloning 444 
sequences from cDNA compared to cloning from genomic DNA. Although the 
known list of genomic DNA sequences is not exhaustive, not all of these additional 
variants could be aligned with known splice sites when comparing to cloned 
genomic DNA sequences. Gene splicing typically follows a well conserved 
CAG:GTAAGT motif at the 5’ splice site, where the splice cut will form before the 
underlined GT and is joined after a corresponding 3’ AG. Sequences more similar 
to this exon/intron boundary are more faithfully spliced than more diverged 
sequences. In less than 1% of cases a GC can replace the GT with no discernable 
change to splicing efficiency (Burset et al., 2000). A combination of GT:AG or 
GC:AG splice sites could be used to explain some, but not all, of the additional 
variation observed in cDNA samples compared to gDNA samples. Recently it has 
been shown that during the cDNA synthesis process in vitro, RT enzymes are 
capable of “skipping” sections of RNA, in a homology dependent manner, to 
produce a truncated cDNA that resembles a typical gene splicing event (Cocquet et 
al., 2006, Houseley and Tollervey, 2010). An experiment was carried out to 
determine if this was occurring with 444 sequences. pGEM T-Easy plasmid 
containing a single 444–A gene cloned from cDNA was linearised, and RNA was 
transcribed in vitro. This single RNA species, as confirmed on denaturing gel 
electrophoresis (Figure 4-16iv), was used in a cDNA synthesis reaction. When gene 
specific PCR was carried out on this cDNA, multiple products were amplified 
(Figure 4-16i). No such banding pattern could be amplified by PCR on the vector 
used for RNA synthesis (Figure 4-16i). Taken together, the results suggest that 
these alternate transcripts were generated in vitro, by the cDNA synthesis process, 
and are temperature and PCR independent. This was also true for subfamily-C, and 
not true for a control gene (GpCys), treated in exactly the same manner. Clones of 
each were sequenced to ensure this was not a result of mispriming. Using this 
information, all cDNA clones were removed from the phylogenetic analysis, as it is 
impossible to determine if they are real, or non-canonical apparent splice events. 
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Figure 4-16 Non-canonical apparent splicing of 444 genes. A single RNA 
species was synthesised in vitro. cDNA was reverse transcribed from this 
RNA followed by PCR analysis. i) For subfamily-A, multiple amplification 
products can be seen resulting from PCR on cDNA produced with either 
SuperScript II or Maxima RT. No such banding pattern is observed for PCR 
on a single gene from plasmid DNA. ii) Similar additional banding patterns 
can be seen for subfamily-C. iii) No such band pattern can be seen for a non-
tandem repeat containing control GpCys. iv) Denaturing RNA gel confirms a 
single RNA species in each case. Additional amplification products are 
therefore introduced as a result of the reverse transcriptase enzymes. 
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 444 gene family tree and transcript structure 4.4.5.5.

After removal of all cDNA sequences for this analysis, all cloned genomic 
sequences were aligned using MUSCLE v3.8.3.1, and a maximum likelihood 
phylogeny generated using 100 bootstrap iterations in TOPALi v2.5. Figure 4-17 
show that subfamilies A, B and C are grouped into three distinct clades. Figure 4-18 
shows an alignment of all genomic 444 sequences within subfamilies, and 
highlights the variable regions. Using a combination of genomic DNA, cloned 
sequences, and cDNA cloned sequences, a schematic of the transcript structure 
was created (Figure 4-19). All genes share a >95% conserved region at both the N 
and C terminus of the transcript. Within each of these regions there is one faithfully 
spliced intron with GT:AG splice sites. The intronic sequence within these regions, 
and the 3’ UTRs, are conserved within subfamilies, and are different between 
subfamilies. No instances have been found, in over 200 clones, of introns either 
being absent in gDNA clones or being present in cDNA clones. For subfamilies A 
and C the middle region of the genes contains a region with a variable number of 
tandem repeats, unique to each group. Group B does not have this region, instead 
its second intron is slightly longer.  

 Tandem repeat analysis 4.4.5.6.

In all cases, the entire tandem repeat region consists of a single open reading 
frame. For subfamily-A and -C only, large variation is observed in the number, 
sequence and order of tandem repeats in the deduced amino acid sequences 
corresponding to different genomic sequences. Within this region, subfamily-A 
genes contain four motifs, two of which are present as tandem repeats with 
complex organisations (Figure 4-20). The most common motif (1.1) consists of 6 
amino acids, the first two are variable followed by a highly conserved RGGG. This 
glycine rich motif is present on average 12 times per gene, although this varies 
greatly. The second motif (1.2) consists of 5 amino acids, with a variable first 
position followed by conserved DRGD. This motif is present approximately 4 times 
per gene. The other two motifs (1.3 and 1.4) are usually present no more than 
once, often at the start or end of the tandem repeat domain. Including all variable 
regions of all motifs in subfamily-A, 20 unique amino acid sequences are encoded 
by 43 unique nucleotide sequences.  

The subfamily-B tandem repeat region always contains four proline rich tandem 
repeats, comprised of three different motifs (2.1, 2.2 and 2.3). Motif 2.1 consists of 
7 amino acids in the sequence EKPPPKY. Motif 2.2 is identical, except for the 
inclusion of an additional proline in the proline rich repeat (EKPPPPKY) and has no 
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variation in sequence. Motif 2.3 consists of 9 amino acids, also has no sequence 
variation and is usually present only once. If motif 2.1 is present in positions 1 and 
3, the position 3 motifs are more similar at the nucleotide level to other 2.1 motifs in 
position 3, than they are to 2.1 motifs in position 1, even if they are identical at the 
amino acid level. The four subfamily-B tandem repeat variants are encoded by 10 
unique nucleotide sequences. Interestingly, both subfamily-A and -C also contain 
the first and last of this type of tandem repeat.  

Subfamily-C tandem repeat regions contain two lysine and glutamic acid rich motifs 
(3.1 and 3.2) the first of which (3.1) occurs in tandem repeats on average 15 times, 
although this varies greatly. Motif 3.1 consists of 11 amino acids with highly 
conserved amino acids in position 2, 4, 5, 7, 10 and 11. Motif 3.2 consists of 17 
amino acids and is always present as a single copy in the final position of the 
tandem repeat domain of subfamily-C. Including all variable regions of all motifs in 
subfamily-C, 27 unique amino acid sequences are encoded by 42 unique 
nucleotide sequences. 
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Figure 4-17 Phylogenetic tree of genomic 444 DNA sequences. Maximum 
likelihood phylogeny based on a protein alignment of all 444 sequences 
cloned from genomic DNA. Node labels represent boot strap support values 
for 100 iterations.  
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Figure 4-18 Within subfamily deduced amino acid sequence from 444 genomic 
sequences. For subfamily A and C the variable region in the middle is flanked 
by two conserved regions. There is no such variation in subfamily B genes.  
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Figure 4-19 Schematic representation of 444 gene family transcript structure. All 444 genes identified to date encode a secretion signal 
followed by two highly conserved regions flanking a region of variable number tandem repeats, and a subfamily specific 3’ UTR. Conserved 
regions of Gp-hyp genes share > 95 % identity between subfamilies. Subfamily-2 has a slightly different signal peptide (highlighted). 3’ UTRs 
are identical within subfamilies, irrespective of number of tandem repeats. Members of all subfamilies can be amplified using the F-ALL and 
R-ALL primer pair, subfamilies can be distinguished by PCR using a combination of signal peptide and 3’ UTR primers. Solid lines represent 
introns, while dashed lines represent alignments. 
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Figure 4-20 Tandem repeat analysis of 444 genes. Deduced amino acid 
sequences from the tandem repeat regions of genomic DNA sequences are 
shown. For each subfamily, the motifs present in the tandem repeat domain 
are shown along with their average copy number, position and consensus 
sequence. For 444-A and -C no pattern has emerged to the 
positions/organisations of the highest frequency motifs. Motif 1.1 has the 
greatest variation in tandem repeat number, although motif 3.1 has less 
variation in the number of tandem repeats it has the greatest variation in the 
motif consensus sequence. 
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 444 domain structure and modular organisation 4.4.5.7.

Approximately 80 unique genomic DNA 444 sequences were identified. The 
variation is not only due to the variable number of tandem repeats. In addition, 
within the highly conserved regions, several non-synonymous sequences were 
identified. Figure 4-21 shows a schematic representation of these domains, and the 
various combinations and modularity identified to date. Each combination of 
domains can be referred to as a “type”. Types are not subfamily-specific. Despite 
using the subfamily-specific 3’ UTR primers, variable numbers of tandem repeats, 
and different types can still be identified. Moreover, sequences encoding identical 
tandem repeat regions can have different amino acid sequences at every domain 
locus, and similarly identical types at every domain locus can have different tandem 
repeat regions. 
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Figure 4-21 Schematic representation of 444 domain organisations. Within the 
conserved regions, non-synonymous SNPs result in various domains. 
Combinations of domains give rise to “types”. Certain types are subfamily 
specific, whereas others are not. For each column only, the same colour 
indicates the same sequence. By organising the sequences using types as 
indicators (not in the order they appear in the genes), 444 genes do not group 
by subfamily. The three different subfamily specific tandem repeats are 
indicated in the final column as different shapes, where the size roughly 
correlates to number of repeats. Sequences encoding similar tandem repeat 
regions can have different domains at every locus, and similarly sequences 
encoding identical domains at every locus can have different tandem repeat 
regions.  
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4.5. Discussion 

Using a pipeline to identify genes significantly up-regulated during the biotrophic 
stages of infection we identified a range of putative feeding tube/plug candidate 
genes for further study (Chapter 5).  

4.5.1. Quality of genome assembly 

Although only a draft G. pallida genome sequence is currently available (Cotton et 
al., 2014), this is adequate for large scale identification of candidate genes. 
Combined with the life stage specific transcript data, the genome represents a 
tremendous resource for studying plant-nematode interactions. The draft genome 
contains 85% of the Core-Eukaryotic Genes (CEGs) and is thus predicted to 
contain 85 % of all G. pallida genes, totalling 16,419 gene models. Despite a 
manual annotation step being used to train the gene prediction software, there will 
inevitably be gene predictions that need to be confirmed by cloning. With the 
exception of 1078 and 444, primers designed from predicted genes produced 
amplicons from cDNA that matched the predicted sequences. In the case of the 
1078 sequence misprediction of an intron meant that the cloned sequence from 
cDNA contained a putative transmembrane domain not present in the genome 
sequence (Figure 4-5 and -6), and was therefore discarded from further analysis. In 
addition, the 444 gene family is heavily underrepresented in the assembled genome 
as discussed in more detail below. 

4.5.2. Convergence of identification strategies 

Two main approaches have been used to identify genes that may be involved in the 
interaction between nematode and plant. Both of these centre around the 
oesophageal gland cells described in Chapter 1. Proteins produced by these gland 
cells are secreted into the plant and are hypothesised to carry out a range of 
functions such as induction and maintenance of the feeding site and suppression of 
host defences (Haegeman et al., 2012, Hewezi and Baum, 2013). The first, and to 
date arguably the most effective approach, has been to identify all genes expressed 
in the gland cells by micro aspiration of cell contents, RNA extraction and 
subsequent RNAseq (Hewezi and Baum, 2013). In addition, cDNA-AFLPs have 
been used to identify candidate effectors from G. rostochiensis (Qin et al., 2000) in 
a laboratory-based approach that mirrors the in silico approach adopted here. An 
inclusive approach was taken to identify all genes that matched a set of reasonable 
assumptions based on the expected characteristics of feeding structure genes. The 
pipeline described here, and the sequencing of gland cell libraries, converge on the 
identification of the 448/4D06 gene family. This convergence gives some 
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confidence in the approach, however, it is surprising that more examples of 
previously described effectors were not identified. In particular, the inclusive 
approach taken here was expected to include numerous false positives (i.e. 
secreted genes up-regulated at feeding stages that are not effectors). The 
sequences identified in the analysis presented here were subsequently analysed by 
in situ hybridisation in order to determine if they are expressed in nematode tissues 
that would allow them to be secreted into the plant (Chapter 5). 

4.5.3. Non-canonical splicing.  

Reverse Transcriptase (RT) enzymes synthesise complementary DNA (cDNA) from 
an RNA template. The ability of RT enzymes to faithfully convert RNA to cDNA is 
the keystone of many molecular biology applications. Recently it has been shown 
that during the cDNA synthesis process in vitro, RT enzymes are capable of 
“skipping” sections of RNA, in a homology dependent manner, to produce a 
truncated cDNA that resembles a typical gene splicing event (Cocquet et al., 2006, 
Houseley and Tollervey, 2010). RT enzymes used for cDNA synthesis are derived 
from retroviruses, either Moloney Murine Leukemia Virus (MMLV) or Avian 
Myeloblastosis Virus (AMV). This template switching ability is a remnant of their 
activity in viruses as successful retroviral replication requires at least two template 
switching events between areas of high homology to one another (Gilboa et al., 
1979). 

More sequence variation was seen when cloning 444 genes from cDNA than from 
gDNA and this was initially assumed to be due to alternative or aberrant splicing. 
Gene splicing typically follows a well conserved CAG:GTAAGT motif at the 5’ splice 
site, where the splice cut will form before the underlined GT and is joined after a 
corresponding 3’ AG. Sequences more similar to this exon/intron boundary are 
more faithfully spliced than more diverged sequences. These are known as GT:AG 
splice sites. In less than 1% of cases a GC can replace the GT with no discernable 
change to splicing efficiency (Burset et al., 2000). A combination of GT:AG or 
GC:AG splice sites could be used to explain some, but not all, of the additional 
variation observed in cDNA samples compared to gDNA samples. 

In the case of the 444 genes we have demonstrated that the RT enzyme is capable 
of introducing “non-canonical” splice events, that are both PCR and temperature 
independent (Figure 4-16). The “non-canonical” splice events observed are always 
present in the tandem repeat region in the middle of the gene/transcript. As 
discussed, RT can skip sections by switching templates from one section of gene to 
another where multiple regions with high similarity are present. The large number of 
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almost identical tandem repeats present in 444 genes introduces several possible 
permutations of skipping events, that result in the observed additional variation. 

These factors made it impossible to definitively identify genuine alternative splicing 
events. Therefore, where possible, all subsequent experiments describing the 
variation in 444 genes were carried out at the DNA level (Figure 4-17). These 
results have profound implications for all experiments that use RT enzymes, in 
particular the rapidly advancing field of RNAseq.  

4.5.4. The complex 444 multi-gene family  

Despite the presence of just three complete 444 sequences in the assembled 
genome and transcriptome sequences of G. pallida (one corresponding to each 
subfamily), the complexity of the 444 gene family was identified by conventional 
PCR and sequencing of individual clones. In addition, each time more clones were 
sequenced more unique sequences were identified suggesting that this list of ~80 
unique sequences is far from exhaustive and that the full complexity of the gene 
family is yet to be catalogued. The absence of the full gene family in the G. pallida 
genome assembly, and the presence of two fragmented genes in poly-N regions, 
highlights a limitation of sequencing and assembly of short reads, generated from 
sequencing a population of non-genetically identical individuals. All 444 sequences, 
irrespective of subfamily, share stretches of 410 and 94 nucleotides with >90% 
identity at the 5’ and 3’ ends respectively which may underlie the difficulty in 
assembly. 

All unique genomic 444 sequences identified can be readily assigned to one of 
three subfamilies primarily, although not only, based on the amino acid sequence of 
the tandem repeat region. Numbers of subfamily-specific tandem repeats range 
greatly. The 444 tandem repeats are short, some of which contain highly conserved 
regions directly preceded by variable di-residues. Tandem repeats of subfamilies -
1, -2, and -3 contain conserved glycine, proline and lysine residues. Glycine 
residues often create flexible linkers between domains. These data may suggest 
that variable residues interspersed by highly conserved linker regions may play a 
role in ligand binding or multimerisation. In addition, several non-synonymous 
variations were identified in 444 sequence, within the highly conserved regions, that 
do not group by subfamily. Various combinations of these domains are described 
here as “types”. The amino acid changes of 444 domains are usually 
physiochemically similar, and may be structurally superficial. The “type” structure 
may therefore reflect evolutionary origins and rearrangements rather than function, 
whereas the different subfamily tandem repeats, and the different number of 
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tandem repeats within subfamilies, may reflect different functions. It has been noted 
however, that subtle amino acid changes that should conserve physiochemical 
properties can have an impact on effector function (Whisson et al., 2007). 

4.5.5. Copy number variation of 444 sequences between 
individuals of the same population  

The 444 gene family shows unparalleled genomic diversity between individuals: no 
two nematodes tested had the same complement of 444-A or 444-C sequences 
present. Nematodes differed in the length, number, and even presence/absence of 
gene subfamilies. Due to the nature of the draft genome assembly of G. pallida we 
are unable to confirm that sequences are paralogues, although the fact that 
individual nematodes differ in the size, and particularly number, of sequences within 
subfamilies suggests this is the case. The number and variability of 444 genes 
suggests that this gene family is under strong selection pressure. Gene expansions 
of cytochrome P450 genes have been described in Anopheles species (Scott et al., 
1994), where estimates are of approximately 30 to 40 genes (Ranson et al., 2002). 
This is a good example as CYP450 genes, and in particular their copy number, 
have been linked to the extremely high selection pressure provided by resistance to 
DDT (Wondji et al., 2009, Djouaka et al., 2008, Ranson et al., 2002). It is possible 
that the expansion of the 444 gene family in G. pallida may reflect a similarly high 
selection pressure from the host. Secreted components are the pathogen factors 
that are recognised by both pattern recognition receptors and resistance gene 
products. Diversity in 444 sequences may reflect the need to evade recognition in 
order to avoid detection.  

As discussed above the genome sequence of G. pallida was challenging to 
assemble (Cotton et al., 2014). This may also be due to the inherent genetic 
variation that we have demonstrated between individuals of the same population, 
even infecting the same plant. Genetic diversity in plant parasitic nematodes has 
never been studied on such a scale, the most relevant works being between (as 
opposed to within) populations (Alenda et al., 2013, Plantard et al., 2008, Thiery et 
al., 1997, Blok et al., 1998). Interestingly it has been suggested that genetic 
variability observed at the scale of a field or even of a region is already observed at 
the scale of a single plant within a field (Plantard et al., 2008).  

4.5.6. Inter-specific differences 

In the case of the 444 genes we have found that a UK population of G. pallida has 
considerably more variation than G. rostochiensis. Due to the highly conserved 
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regions of 444 genes, and the genetic similarity of G. pallida and G. rostochiensis, it 
is expected that the difference observed is not an artefact of primer affinity. It has 
been suggested that the UK populations of G. pallida are from a broader genetic 
introduction than G. rostochiensis. If the diversity seen between individuals of 
G. pallida for the 444 genes is true on a wider genomic scale, this may explain the 
difficulty in identifying a broad spectrum resistance against G. pallida compared to 
G. rostochiensis (Barone et al., 1990). Recent technological advances in 
sequencing the transcriptome/genome of single nematodes may identify wider 
differences between individuals (Sasagawa et al., 2013). In addition, previously 
published works identified 448 genes from gland cell libraries of other cyst 
nematode species. Identifying the candidate genes, characterised here, in other 
related plant parasitic nematodes may inform function. 
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Summary 

• Starting from entire genome and transcriptome sequence, Five candidate genes 
have been identified that match the expected characteristics of a feeding 
structure gene and require further characterisation 
 

• The five candidates include two large gene families, one of which (444) is novel 
 

• 444 genes show high sequence diversity within a population at the level of the 
individual 
 

• Non-canonical splicing of 444 genes makes identifying bonafide cDNA clones 
challenging. 
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5. Characterisation of candidate feeding structure genes 

5.1. Introduction 

Various large scale identification strategies have been successful in identifying 
effectors as discussed in Chapter 4. However, all methods of identification, 
including those involving direct gland cell library sequencing, require further 
characterisation of identified genes to support function.  

5.1.1. Validating effector identification 

It is generally assumed that genes specifically expressed at certain life stages have 
a function that is important at those stages. The effector discovery pipeline 
described in Chapter 4 is based on this assumption. However, the sequences 
identified by this pipeline may have numerous different functions in the biotrophic 
stages of the nematodes and only a subset of these sequences will represent 
genuine effectors. It is therefore essential to confirm the spatial as well as temporal 
expression patterns of candidate effectors. Genes encoding genuine effectors will 
be expressed in a tissue from which proteins can be secreted into the plant. To 
identify the spatial expression pattern of genes of interest, a technique known as in 
situ hybridisation is carried out (de Boer et al., 1998). This involves the homology-
dependent hybridisation of a labelled DNA probe to endogenous mRNA in fixed 
tissue samples. Histochemical detection of the DNA probe allows visualisation of 
the specific tissue in which the gene is expressed (de Boer et al., 1998).  

5.1.2. Structures with the capacity to secrete proteins into 
the host 

As introduced in Chapter 1, cyst nematodes contain a number of tissues with the 
capacity to secrete effectors into the host. The most obvious of these are the dorsal 
and subventral gland cells, many studies have identified proteins secreted from 
these cells into plant tissues via the stylet. However, other nematode tissues may 
also represent sources of effectors. The amphids are the primary sense organs and 
their function was considered to be confined to the migratory stages of sedentary 
endoparasitic nematodes. However, structural changes occur in the amphids during 
the transition from migratory juvenile to sedentary feeding stages (Jones et al., 
1994, Perry, 1996), suggesting distinct roles at each stage. In addition, two 
previous studies showed that the feeding plugs of cyst nematodes are continuous 
with the amphid openings of sedentary females (Endo, 1978, Sobczak et al., 1999), 
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one of which concluded that the feeding plug originates from the amphidial canal 
(Endo, 1978).  

A gene encoding a protein secreted from the amphids of Meloidogyne species has 
been identified (map-1) which is a member of a family of genes, with a function in 
virulence, restricted to root knot nematodes. These proteins contain numerous 
tandem repeats, the number and arrangement of which correlates with nematode 
(a)virulence (Castagnone-Sereno et al., 2009). Although this was initially 
hypothesised to be an expansin-like protein (Tomalova et al., 2012) and thought to 
be secreted from the amphids (Semblat et al., 2001), recent studies suggest it, or a 
similar gene, may encode a plant peptide hormone mimic and that the gene may be 
expressed in the dorsal gland cell (Rutter et al., 2014).  

The nematode surface is also a potential source of proteins that come into direct 
contact with the host. A gene encoding a secreted glutathione peroxidase is 
expressed in the hypodermis of the cyst nematode Globodera rostochiensis (Jones 
et al., 2004). The nematode protein is functional, and is able to break down a range 
of hydroperoxides in vitro (Jones et al., 2004). It is therefore possible that this 
glutathione peroxidase is involved in counteracting host reactive oxygen species 
produced as a defence response during infection. Similarly, a peroxiredoxin that 
metabolises hydrogen peroxide has been identified on the surface of 
G. rostochiensis (Robertson et al., 2000). Finally, a Cellulose Binding Module2 
(CBM2)-bearing protein accumulates near the vagina of gravid female M. incognita 
55 days post infection in planta (Vieira et al., 2011) and may originate from the 
rectal glands. It is hypothesised that this protein may alter host cell walls to facilitate 
egg laying (Vieira et al., 2011). Nematodes therefore have a variety of tissues that 
can produce proteins with a potential role in host-parasite interactions. 

5.1.3. Functional characterisation of effectors  

Having confirmed putative-effector expression in a tissue with the capacity to 
secrete proteins, numerous functional studies can be carried out to elucidate 
effector function. 

 Localisation 5.1.3.1.

Expression in secretory tissues is important to determine validity of putative 
effectors. In addition, the in planta localisation of the encoded proteins can inform 
function. Methods to localise nematode effectors in planta include direct detection 
of secreted proteins in situ in fixed samples using corresponding antibodies, or 
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heterologous over-expression of effectors in translational fusions with fluorescent 
proteins. These methods have revealed both the site of delivery, and the potential 
site of function of a range of effectors. Such studies can also be used to help 
interpret the outputs of yeast-two-hybrid screens.  

The first nematode effector detected in the cytoplasm of the feeding site was a CLE 
peptide. Subsequently, numerous studies have characterised nematode parasitism 
proteins apparently localised to the nucleus of plant cells (Jones et al., 2009, Elling 
et al., 2007, Jaouannet et al., 2012). In the case of the M. incognita effector EFF, 
direct delivery to the cytoplasm of the giant cell from the gland cells was observed 
by immunolocalisation. Interestingly, this antibody targeted to the EFF gene co-
localised in plant cells with stained nuclei (Jaouannet et al., 2012). Mi-EFF1 does 
encode a canonical Nuclear Localisation Signal (NLS) that is therefore functional in 
planta. However, presence or absence of canonical NLSs does not always correlate 
with nuclear localisation (Jones et al., 2009). Interestingly, a ubiquitin protein with a 
short C-terminal extension appears to be cleaved in planta, where the ubiquitin 
domain is localised in the cytoplasm and C-terminal extension alone is transported 
to the nucleus (Tytgat et al., 2004). Nuclear localisation may suggest a functional 
role in transcription regulation that is directly relevant to either feeding site 
developmental re-programming or suppression of host defences.   

The studies described above relate to effectors that are introduced into the 
cytoplasm of a host cell. However, it has become apparent that the apoplasm is 
also an important recipient compartment for nematode effectors (Vieira et al., 
2011). Nematodes have evolved several different mechanisms to introduce proteins 
into the apoplasm, from numerous different secretory tissues. The plant CLE 
peptide mimics, described in Chapter 1, are secreted into the feeding site from the 
dorsal gland cell, before being transported to the apoplasm by the host cell’s own 
machinery in order to fulfil their function. This export is controlled by a short non-
canonical secretion signal N-terminal to the plant-peptide hormone domain mimic 
and is unique to nematode CLE peptides (Wang et al., 2010). Other effectors, such 
as the MAP1 proteins, are secreted from the amphids directly into the apoplasm by 
parasitic stage M. incognita (Vieira et al., 2011). In addition, several other effectors 
are secreted into the apoplasm from the subventral gland cells. These include an 
aspartyl protease-like protein (Mi-ASP2), as well as a range of plant cell wall 
degrading and modifying enzymes secreted during migration (Vieira et al., 2011, 
Haegeman et al., 2011). 
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 In planta interactions 5.1.3.2.

The functional role of an effector can be determined by identifying the host proteins 
that it targets. This is often carried out by Yeast-Two-Hybrid (Y2H) analysis against 
a host cDNA library. Despite the inherent lack of biological context (with interactions 
tested in yeast rather than plants), and its limitation to pairwise interactions, Y2H 
analyses have significantly advanced knowledge of nematode effector function. 
Various binding partners have been identified for nematode effectors, as discussed 
in Chapter 1, some of which have putative roles in virulence. For example, a 
secreted SPRY domain-containing protein (SPRYSEC) from G. rostochiensis 
interacts with an intracellular Coiled Coil (CC) -Nucleotide Binding (NB) – Leucine 
Rich Repeat (LRR) receptor (CC-NB-LRR). Interestingly, despite the interaction 
with the LRR domain, this interaction does not result in a resistance response, 
suggesting that the SPRYSEC is not recognised by the CC-NB-LRR but rather 
perturbs its endogenous function (Rehman et al., 2009, Postma et al., 2012). 

 Loss of function knockdown 5.1.3.3.

Despite numerous attempts, transformation of cyst nematodes has not yet been 
achieved. However, gene knockout studies can be performed using RNA 
interference (RNAi). RNAi is a conserved mechanism in eukaryotes in which double 
stranded RNA (dsRNA) causes post-transcriptional gene silencing in a sequence-
dependent manner. dsRNA corresponding to the sequence of interest, when taken 
up by the nematode, is used by endogenous RNAi machinery resulting in gene 
knockdown. RNAi has been used to pheno-copy gene knockout studies since its 
description in Caenorhabditis elegans (Fire et al., 1998). For C. elegans dsRNA is 
most commonly delivered by feeding nematodes on bacteria expressing an inverted 
repeat or “hair-pin” construct. However, as the majority of plant-parasitic nematodes 
are obligate biotrophs, and therefore only feed from living plant tissue, dsRNA has 
to be introduced using a different strategy (Lilley et al., 2007, Lilley et al., 2012). 
dsRNA targeting a gene of interest can be synthesised in vitro and resuspended in 
a buffer containing octopamine. This neurotransmitter stimulates feeding behaviour 
and thus facilitates uptake. Eggs or J2 nematodes are soaked in the dsRNA 
solution for between 4 hours to 3 days (Rosso et al., 2009). While this process has 
been useful for studies on some plant parasitic nematodes it is clear that there is 
marked variability in terms of the susceptibility of nematode species to RNAi 
(Dalzell et al., 2011, Maule et al., 2011). Alternatively the gene of interest can be 
cloned in an inverted repeat and transformed into plants. dsRNA is then produced 
by the plant transcription machinery and can be delivered to nematodes while they 
feed (Huang et al., 2006, Ibrahim et al., 2011). This is often referred to as Host 
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induced Gene Silencing (HIGS). Scoring phenotypes is difficult for an obligate 
parasite but phenotypes range from reduced hatching efficiency (Fanelli et al., 
2005), changes in J2 motility (Kimber et al., 2007), changes to sex ratio (Urwin et 
al., 2002) and female fecundity (Bakhetia et al., 2005).  
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5.2.  Aims     

To further characterise candidate feeding structure genes of G. pallida identified in 
Chapter 4 

• Identify those candidates with expression in a tissue capable of secretion 
into the host 

• Determine RNAi knockdown phenotype of candidates 
• Localise the proteins encoded by candidate genes in the host. 
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5.3. Materials and methods 

5.3.1. In situ hybridisation 

A two-step process is required to generate in situ hybridisation probes. Initially a 
short double stranded DNA (dsDNA) template is amplified by PCR from cDNA or a 
cDNA clone of a gene of interest. Secondly, this dsDNA is used as a template in an 
asymmetric (single primer) PCR to incorporate digoxigenin labelled dUTP (derived 
from a DIG-DNA labelling mix, Roche) into single stranded DNA probes. In general, 
oligonucleotide primers were designed to amplify regions of between 130 – 250 
base pairs from the corresponding cDNA clones (Summarised in Table 5-1). In the 
case of the 444 genes, in situ hybridisation probes were designed to target a region 
of 134 conserved nucleotides at the 3’ end of the translated region of all 444 
transcripts. In the case of the 448 gene family, a single gene was used to design an 
in situ probe (GPLIN_000950100) and the nucleotide identity to other 448 members 
was calculated using BLAST. PCR reactions to generate template fragments were 
carried out as described in Section 2.4.1. 

Asymmetric PCR was carried out with the same primers that were used to amplify 
the template. Asymmetric PCR using either the reverse or forward primers only was 
carried out by incubating at 94 oC for 2 minutes followed by 35 cycles of 94 oC for 
15 seconds, 55 oC annealing for 30 seconds, and 72 oC extension for 90 seconds. 
Incorporation of DIG-labelled dUTP was confirmed by an apparent increase in size 
on agarose gel electrophoresis compared to template dsDNA. In all experiments, 
the DNA probe generated from the reverse primer was complementary to the 
endogenous mRNA of interest and was therefore the positive probe. The DNA 
probe generated from the forward primer was identical in sequence to the 
endogenous mRNA, would therefore not be able to bind, and was used as a 
negative control. In situ hybridisation was carried out as described by de Boer et al. 
(de Boer et al., 1998) with the following alterations. Cleaned potato roots heavily 
infected with 7-14 dpi feeding female G. pallida were lightly macerated using a 
bench top blender, and soaked in 10% formaldehyde for 3 days at room 
temperature. Fixed nematodes were collected by additional blending and 
subsequent sucrose gradient centrifugation (40% w/v). Feeding females were 
collected between 200 and 150 μm mesh sieves. The protocol was continued as 
described from the cutting stage (de Boer et al., 1998).  
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Table 5-1 In situ hybridisation primers, annealing temperatures and expected 
amplicon size. 

Primer Name Sequence 5' - 3' TM (oC) 

Expected product 

size (bp) 

444_insitu_F ACGGAGGTTATGACGAG 50 134 

444_insitu_R ATATTTGCATTCGCAAGC 53  

448_insitu_F GTCAACTTCACGAACTCGGTGG 62 230 

448_insitu_R CCTGTCGCTTTTGCGGCCAAAT 69  

3453_insitu_F CTTTTTCGCCATTGTCCTTCTGAT 54 200 

3453_insitu_R ACTTCTTTCCACCAGGGTAGT 52  

225_insitu_F TGCGCTCTTCCGTTTTGATC 56 203 

225_insitu_R ACACTGTCCACACGCATTAC 56  

176_insitu_F ATGCAATTATTCCTCTTTTTTGTG 58 139 

176_insitu_R TCACCAGCCTCCACCG 60  
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5.3.2. In planta RNA interference  

The effects of knocking out expression of candidate effectors were examined using 
a HIGS approach. Where possible inverted repeat constructs were designed so that 
the full length cDNA clones were included in the repeated sequence. In the case of 
the 444 gene family, both a full length inverted repeat of a single subfamily-A 
member, and an inverted repeat using only the conserved 3’ end of the cDNA were 
created. For the 444, 176 and 3453 sequences, forward and reverse primers 
designed with restriction enzyme sites XhoI and KpnI respectively at the 5’ end 
were used to amplify sequences in the sense orientation. A second set of forward 
and reverse primers with the restriction enzyme sites XbaI and HindIII added were 
used to amplify sequences in the anti-sense orientation. Correct amplification of 
both fragments for each gene was confirmed by sub cloning into pGEM-T Easy and 
subsequent Sanger sequencing. Sequences with no errors were cloned into the 
vector pHannibal (Wesley et al., 2001) under the control of a CaMV 35S promoter 
and OCS terminator using the relevant restriction enzymes and a typical restriction 
enzyme cloning procedure as described in section 2.4. The entire construct from 
promoter to terminator was cloned from pHannibal into the plant binary vector 
pART27 (Gleave, 1992) using SacI and SpeI. As a control, a full length GFP 
inverted repeat was created as described above using the oligonucleotide primers 
detailed in Table 5-2. In the case of the 448 gene family, a single construct was 
designed containing inverted repeats targeting three of the main groups of 448 
genes based on a DNA alignment. Sense orientation fragments were amplified 
using oligonucleotide primers introducing XhoI - BamHI, BamHI - EcoRI and EcoRI 
- KpnI on the 5’ and 3’ ends of fragments 1, 2 and 3 respectively. This allowed all 
three fragments to be cloned in a tandem array in pHannibal. Antisense orientation 
fragments were amplified using oligonucleotide primers introducing XbaI - BamHI, 
BamHI - EcoRI and EcoRI - HindIII on the 5’ and 3’ ends of fragments 1, 2 and 3 
respectively and cloned in a similar manner. The two tandem arrays were then 
cloned into pHannibal as above using the XhoI – KpnI and XbaI – HindIII pairs in 
sense and antisense orientation respectively. The entire cassette including 
promoter and terminator was cloned into pART27 as described above. All pART27 
IR constructs were transformed into Agrobacterium rhizogenes strain R1000 as 
described in section 2.4.12. 

A single colony of A. rhizogenes strain R1000 containing the relevant pART27 IR 
construct, or no-construct control, was incubated in 5 ml liquid Luria Bertani 
medium (containing 50 μg/ml rifampicin and 100 μg/ml kanamycin) overnight at 28 
oC. Potato hairy root transformation was carried out by incubating 1 cm squares of 
Solanum tuberosum (cv ‘Desirée’) leaf material in 9 cm petri dishes containing 
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liquid MS20 medium (4.3 g/l Murashige and Skoog (with vitamins), 20 g/l sucrose, 
pH 5.3 - 5.6) containing 100 μl of Agrobacterium culture, for 3 days at room 
temperature. Leaf squares were dried on filter paper and placed on MS20 agar 
plates (2.4 g/l agar), containing 50 μg/ml kanamycin and 400 μg/ml cefotaxime. 
Roots originating from different locations on each leaf square were considered 
individual transformation events, and were removed and cultured on MS20 agar 
plates containing 50 μg/ml kanamycin. Expression of the inverted repeat constructs 
was confirmed by RNA extraction (RNeasy Plant Mini Kit, Qiagen), cDNA synthesis 
(SuperScript II Reverse Transcriptase, Invitrogen), and PCR using the relevant 
transgene-specific primers. 
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Table 5-2 RNAi construct primers, expected annealing temperatures and 
product sizes. 

Primer Name Sequence 5' - 3' 
TM 
(oC) 

Expected 
product 
size (bp) 

444_RNAi_IR_F_xho CTCGAG ATGGTCGGCAACAATTTG 56 793 

444_RNAi_IR_R_kpn GGTACC TTAATATTTGCATTCGCAAGC 56  

444_RNAi_IR_F_xba TCTAGA ATGGTCGGCAACAATTTG 56 793 

444_RNAi_sh_F_xba TCTAGA ACGGAGGTTATGACGAG 50  

444_RNAi_sh_F_xho CTCGAG ACGGAGGTTATGACGAG 50 134 

444_RNAi_IR_R_hind AAGCTT TTAATATTTGCATTCGCAAGC 56  

176_RNAi_IR_F_xho CTCGAG ATGCAATTATTCCTCTTTTTTGTG 58 348 

176_RNAi_IR_R_kpn GGTACC TCACCAGCCTCCACCG 60  

176_RNAi_IR_F_xba TCTAGA ATGCAATTATTCCTCTTTTTTGTG 58 348 

176_RNAi_IR_R_hind AAGCTT TCACCAGCCTCCACCG 60  

GFP_RNAi_IR_F_xho CTCGAG ATGAGTAAAGGAGAAGAACTTTTC 53 717 

GFP_RNAi_IR_R_kpn GGTACC CTATTTGTATAGTTCATCCATGCC 55  

GFP_RNAi_IR_F_xba GGTACC CTATTTGTATAGTTCATCCATGCC 53 717 

GFP_RNAi_IR_R_hind AAGCTT CTATTTGTATAGTTCATCCATGCC 55  

3453_RNAi_IR_F_xho CTCGAG ATGATGACCCCTCTCCGCT 62 219 

3453_RNAi_IR_R_kpn GGTACC TCACTTCTTTCCACCAGGGT 59  

3453_RNAi_IR_F_xba TCTAGA ATGATGACCCCTCTCCGCT 62 219 

3453_RNAi_IR_R_hind AAGCTT TCACTTCTTTCCACCAGGGT 59  

448_RNAi_frag1_F_Xho CTCGAG ATCCATGTTGTCCTGGCAGT 60 206 

448_RNAi_frag1_F_xba TCTAGA ATCCATGTTGTCCTGGCAGT 60  

448_RNAi_frag1_R_Bam GGATCC GAGTTGTGCGTCGATTTCGT 61  

448_RNAi_frag2_F_Bam GGATCC GTGTTGTCCGGGCAGTCAG 62 134 

448_RNAi_frag2_R_Eco GAATTC AGCTCAGTGCACTTTTGACG 59  

448_RNAi_frag3_F_Eco GAATTC AAGTGGCCGCACTGATGT 60 135 

448_RNAi_frag3_R_Kpn GGTACC AGCTGTTCATTGCCTCCAA 59  

448_RNAi_frag3_R_Hind AAGCTT AGCTGTTCATTGCCTCCAA 59  
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5.3.3. Acid fuchsin staining and nematode infection 
quantification 

Hatched J2 of G. pallida were sterilised for 20 minutes in an appropriate volume of 
hexadecyltrimethylammonium bromide (CTAB, 0.5 mg/ml – Sigma) containing 
0.1 % v/v chlorhexidine digluconate (Sigma) and 0.01% v/v Tween-20, followed by 
three washes in sterile tap water. J2s were suspended at a concentration of 
approximately 1 nematode per μl and 30 μl of suspension were pipetted onto each 
infection point. Three infection points were used per hairy root plate and 10 plates 
were used per line, with three independent lines for each inverted repeat, one line 
for the GFP control, and one line for the empty vector control. Two weeks after 
infection roots were stained by soaking in 1% sodium hypochlorite for 5 minutes, 
washing 3 times with tap water for 1.5 minutes, followed by boiling in 1 x acid 
fuchsin stain (0.035% acid fuchsin (w\v), 2.5% glacial acetic acid (v/v)) for 2 
minutes. Stained roots were cleaned in acidified glycerol (1 drop glacial acetic acid 
per 100 ml glycerol) before total nematode numbers per root system were counted.  

5.3.4. Yeast-two-hybrid screens 

The 176 gene, and a representative from each 444 subfamily, were cloned into two 
yeast transformation vectors for pairwise interactions analysis. Coding sequences 
of interest were amplified after the predicted signal peptide cleavage point with the 
addition of 5’ NdeI and 3’ BamHI restriction enzyme sites. For 176 the forward and 
reverse oligonucleotide primers CATATGCTTATTTCCGCCTTATTTTTGG and 
GGATCCTCACCAGCCTCCACCG were used respectively. For 444 genes the 
same primer pair was used for all three subfamily members and sequences of 
interested were amplified from existing cloned and sequenced 444 genes in pGEM-
T Easy vector. The forward and reverse oligonucleotide primers CATATG 
GGCTGCAAGCCAGGACC and GGATCCTTAATATTTGCATTCACAAGCC were 
used respectively. Amplified products were sub-cloned into the pGEM T Easy 
vector as described in section 2.4. Clones were sequenced to confirm correct 
amplification. Each insert was cloned into both yeast transformation vectors 
pGBKT7 and pGADT7AD using the introduced restriction sites as described in 
section 2.4. Yeast competent cells were produced and transformed according to the 
Two-Hybrid Kit (ClonTech) manufacturer’s instructions. Pairwise interactions were 
carried out by resuspending a single colony containing the relevant plasmid of 
interest in 100 μl of sterile H2O. One microliter of each colony suspension to be 
mated was pipetted onto a YPDA plate to give rise to every pairwise interaction (10 
g/l Bacto yeast extract, 20 g/l Bacto peptone, 20 g/l Glucose monohydrate, 40 mg/l 
Adenine hemisulfate and 20 g/l Bacto Agar). Colonies were allowed to grow for 20 



- 133 - 

hours at 30 oC on mating medium before being stamped using a velvet replica onto 
low stringency selection medium (SD – Leu (ClonTech)). After 5 days colonies that 
developed were replicated onto high stringency media. Interaction phenotypes on 
selection media were scored.  

5.3.5. Antigenicity prediction 

Antigenic regions of proteins of interest were predicted using Antigencity Plot to 
identify those regions most amenable to raise antibodies against (Hopp and Woods, 
1981). Both 448 and 444 are present as large gene families allowing the 
antigenicity plot to be viewed in the context of full gene family protein alignments. 
The 444 proteins were similar enough to identify a single antigenic peptide 
sequence (VVRVARGEYENKCPAGPAGDVGPPGPPGPSG) present at a high level 
of identity in all subfamilies. Subfamily-specific protein alignments were used to 
generate a consensus sequence for each subfamily. The first 20 amino acids of this 
peptide match with 100% identity to a consensus 444-A protein, the first 29 amino 
acids match with 100% identity to a consensus 444-B protein and the last 13 amino 
acids match with 100% identity to a consensus 444-C protein. 

The 448 gene family encodes a more diverse set of proteins; as a result designing 
a single peptide which was present in all 448 genes was impossible. The 
antigenicity plot was viewed in the context of a whole gene family protein alignment 
again; in this case two peptides were identified each specific to a different group of 
448 proteins in regions of high antigenicity (IVNFTNSVDTDDKQTLC and 
CKNANDVETAVKSALS). All peptides were synthesised and antibodies were 
subsequently produced by Yorkshire Bioscience Ltd (UK). 

5.3.6. Embedding, sectioning and immunochemistry 

Pieces of potato root, 14 days post infection with J2 of G. pallida, were fixed in 4% 
paraformaldehyde in PEM buffer (50 mM PIPES, 10 mM EGTA, 10 mM MgSO4 pH 
6.9) for 3 days at 4 oC. Fixed samples were dehydrated by incubating at 4 oC in the 
following ethanol series: 10% ethanol for 30 minutes, 20% ethanol for 30 minutes, 
30% ethanol for 30 minutes, 50% ethanol for 30 minutes, 70% ethanol for 60 
minutes, 90% ethanol for 60 minutes and 100% ethanol for 60 minutes. Following 
dehydration samples were embedded in LR White resin (Agar Scientific) using the 
following resin series (diluted in 100% ethanol): 10% for 30 minutes, 20% for 30 
minutes, 30% for 30 minutes, 50% for 30 minutes, 70% for 60 minutes, 90% for 60 
minutes, 100% for 60 minutes, 100% overnight, 100% for 8 hours and finally 100% 
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overnight. Each section of root was transferred to a single gelatine capsule 
containing 100% resin, and the resin was allowed to set at 37 oC for five days.  

0.5 – 2 μm serial sections were produced from resin embedded tissues using an 
Ultracut Ultra-microtome (Reichert-Jung). Sections were collected onto multi-well 
slides treated with Vectabond (Vectabond Laboratories). Sections were blocked 
with 5% milk powder diluted in 1 x PBS for 30 minutes. Block solution was replaced 
with primary antibody diluted 1 in 5, or pre-immune serum at the same dilution, in 
0.5% milk-PBS and incubated at room temperature for 2 hours. Wells were washed 
three times with PBS and incubated in FITC-conjugated anti-rabbit secondary 
antibody diluted 1 in 100 in PBS for 90 minutes at room temperature in the dark. 
Wells were washed three times in PBS prior to incubation in 0.4 x calcofluor white 
(Sigma, 1g/L) diluted in PBS for 5 minutes at room temperature in the dark. Wells 
were washed three times in PBS followed by addition of a single drop of antifade 
solution (Citifluor, Agar Scientific) and covering with a coverslip. Sections were 
imaged on a Leica Leitz DMRB binocular fluorescent microscope (Leica 
microsystems, Milton Keynes, UK) using Ultraviolet light for Calcofluor and the GFP 
filter for FITC.  
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5.4. Results 

Several candidate feeding structure genes were identified in Chapter 4 from 
genome sequence of G. pallida. This chapter focuses on characterisation of these 
candidates in more detail. 

5.4.1. Candidate 225 

Candidate 225 was a single copy gene identified as being highly expressed during 
the feeding stages. A 200 bp region of candidate 225 was cloned from cDNA and 
used as a template for asymmetric PCR. Asymmetric PCR, using either the forward 
or the reverse primer only, was used to incorporate DIG-labelled dNTPs into a 
single stranded DNA probe. Single stranded probes were electrophoresed 
alongside the template to confirm DIG incorporation by apparent increase in 
molecular weight (Figure 5-1). In all experiments, the DNA probe generated from 
the reverse primer was complementary to the endogenous mRNA of interest and 
was therefore the positive, the non-complementary probe was used as a negative 
control.  

For candidate 225, in situ hybridisation using the reverse probe showed constitutive 
dark staining across the majority of the body of the nematode (Figure 5-2). No such 
dark staining was observed with the forward (negative) probe. Although the 
digestive systems appeared slightly darker than the rest of the nematode body in 
negative controls, this was clearly distinct from the dark purple staining obtained 
with the reverse (positive) probe. From the staining patterns it was concluded that 
candidate 225 is not expressed in a tissue with the capacity to secrete proteins into 
the plant tissue it no longer conformed to the selection criteria and was not pursued 
further.  
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Figure 5-1 Preparation of probes for candidate 225 in situ hybridisation. Single 
stranded DNA probes, generated by either forward or reverse primers each in 
technical replicate, containing DIG-labelled dUTP are electrophoresed 
alongside template DNA. The incorporation of DIG-dUTP is confirmed by an 
apparent increase in molecular weight when compared to the template. Single 
stranded DNA electrophoresed on a non-denaturing gel often takes multiple 
conformations which migrate as separate bands.  

 

Figure 5-2 Candidate 225 in situ hybridisation. i) Dark staining using the reverse 
probe (positive) can be seen across the majority of the nematode body, in 
particular in the digestive system. ii) No such staining can be seen using the 
forward probe (negative). 

  



- 137 - 

5.4.2. Candidate 3453 

A single 3453 gene was present in the final version of the G. pallida genome 
assembly. Constitutively high expression was observed in all feeding stages.  

 Candidate 3453 in situ hybridisation 5.4.2.1.

In situ hybridisation probes were generated in a similar manner to that previously 
described, and electrophoresed alongside template to confirm the incorporation of 
DIG-labelled dNTPs (Figure 5-3). In situ hybridisation using the reverse probe 
showed dark staining in a paired structure posterior to the metacorpal bulb (Figure 
5-4). Comparison with a schematic diagram showed that this staining pattern is 
consistent with the position of either the nerve ring, or the two most posterior 
amphidial sensory neurons associated. No similar staining pattern was observed 
with the negative control (Figure 5-4ii). 

 Candidate 3453 in planta RNA interference  5.4.2.2.

The full length 3453 coding sequence was cloned in an inverted repeat (IR) 
arrangement using the pHannibal/pART plasmid system (as described in section 
5.3.2). A “wild type” hairy root line (no transgene control) and a GFP inverted repeat 
construct were generated and tested alongside each candidate. Stable 
transformations of potato hairy roots were carried out with each construct. Figure 5-
5 shows a typical result following transformation; transgenic hairy roots can be seen 
emerging from calli of Solanum tuberosum leaf material incubated on kanamycin 
selection media. Due to the proximity of calli to one another, all roots originating 
from the same region (red circle – Figure 5-5) were considered to be from the same 
transformation event. A single length of root was taken from each circle onto a 
separate plate to increase biomass prior to infection trials (Figure 5-5ii). 

Several lines were generated for each construct. Expression of the IR construct 
was confirmed, and relatively high expressing lines were identified by semi-
quantitative RT-PCR (Figure 5-6). For each line, relative intensity of the gene 
specific PCR amplicon was compared to that of the gene encoding elongation 
factor 1α. The four most highly expressing candidate 3453-IR lines, the highest 
expressing GFP-IR line, and a growth phenotype matched wild type line were used 
in an infection trial. The same GFP-IR and wild type lines were used as controls for 
all future in planta RNAi experiments. For each line, 10 replicates were infected with 
nematodes as described in section 3.4.2.7. Although a difference in number of 
nematodes per root system was seen between all transgenic lines and the wild 
type, no difference was seen between the 3453 inverted repeat lines and the GFP 
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inverted repeat lines (Figure 5-7). As it was unclear whether candidate 3453 is 
expressed in a tissue with the capacity to secrete proteins into the plant, and has no 
observable RNAi phenotype compared to the control, it was not explored further. 
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Figure 5-3 Candidate 3453 in situ hybridisation probe preparation. DIG-labelled 
single stranded DNA probes electrophoresed alongside template DNA. The 
incorporation of DIG-dUTP is confirmed by an apparent increase in molecular 
weight when compared to the template. 

 

 

 

Figure 5-4 Candidate 3453 in situ hybridisation. i) In situ hybridisation using the 
reverse probe results in dark staining of a paired structure posterior to the 
metacorpal bulb. ii) No staining is observed with the negative control probe. 
iii) Comparison with a schematic diagram does not indicate staining in a 
tissue with the capacity to secrete proteins. 
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Figure 5-5 Typical transgenic hairy root transformation in tissue culture. 
i) Hairy roots emerging from calli on leaf material. Roots originating from each 
circle are considered to be from individual transformation events. ii) Individual 
lines transferred to separate plates to increase biomass prior to infection. 
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Figure 5-6 Semi-quantitative RT-PCR of candidate 3453 and GFP inverted repeat RNAi construct expression in hairy roots. Comparison of 
the relative intensity of the gene specific PCR products with those of the Elongation factor control highlight 3453-IR lines C, D, E and H and 
GFP-IR line A as being high expressing. 
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Figure 5-7 Candidate 3453 RNAi hairy root infections. The average number of 
nematodes present at 14 days post infection on transgenic hairy roots. A 
comparison was made between the Wild Type control (WT), the GFP control, 
and 4 independent 3453 inverted repeat lines. Although a statistically 
significant difference (p < 0.05) can be seen between the wild type hairy root 
line and the others, no difference could be seen between the GFP control and 
any of the four 3453 hairy root lines tested. 
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5.4.3. Candidate 176 

A single 176 gene was identified in the G. pallida genome assembly. Very high 
expression was observed across all feeding stages, increasing in the later feeding 
stages.  

 Candidate 176 in situ hybridisation 5.4.3.1.

Due to the short length of the 176 transcript an in situ hybridisation probe was 
designed to the full length of the transcript. Figure 5-8 shows the apparent increase 
in size of the DIG-labelled single stranded DNA probe compared to the template, 
using both the forward (negative) and reverse (positive) primers. The reverse probe 
bound strongly and specifically to a paired structure anterior to the pump chamber. 
A comparison with the schematic diagram suggests that this corresponds to the 
amphid sheath cells, as these are the only paired structures of this size in this 
region of the nematode (Figure 5-9). No staining was observed with the forward 
probe. 
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Figure 5-8 Candidate 176 in situ hybridisation probe. Asymmetric PCR using 
forward and reverse primers for 176 in situ probe preparation. Incorporation of 
DIG-labelled dUTP can be visualised as an apparent increase in size when 
electrophoresed alongside the template. 

 

 

Figure 5-9 Candidate 176 in situ hybridisation. i) Dark staining can be observed 
in a paired structure anterior to the median bulb (arrow). ii) No such staining 
pattern can be observed in the negative control. iii) Comparison to a 
schematic representation indicates this tissue corresponds to the amphid 
sheath cells. 
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5.4.4. Candidate 444 gene family 

As discussed in Chapter 4, 444 sequences are part of a large gene family, of 
unknown absolute size, highly up regulated during the feeding stages. Individual 
nematodes differ in the number, size and in some cases presence or absence of 
certain 444 subfamilies. As a result of this variability, where possible, experiments 
were designed to target as many 444 genes in as many of the three subfamilies as 
possible through the conserved regions. 

 Candidate 444 in situ hybridisation 5.4.4.1.

Figure 5-10 describes the design of the in situ probe which targets a 3’ region that 
is conserved between all 444 subfamilies. This probe shares a minimum of 91% 
identity (average >97%) across all cloned 444 sequences (n = 195). It is thus 
expected that this probe will bind to every member of every subfamily irrespective 
of the individual 444 complement of each nematode. Figure 5-11 shows that probe 
was synthesised and that DIG was incorporated into the single stranded probe. The 
antisense probes derived from 444 showed specific binding to a paired structure, 
anterior to the metacorpal bulb. No such staining is observed using the negative 
control (forward) (Figure 5-12). As seen for candidate 176, this staining pattern is 
consistent in position with the amphid sheath cells (Figure 5-12iii). 
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Figure 5-10 Generic 444 in situ hybridisation probe design. Due to the large 
number of highly similar genes, a single probe was designed to cover the 3’ 
conserved region of the transcripts (purple arrows). This probe shares a 
minimum of 91 % identity across all cloned 444 genes (97 % average). 

 

 

 

 

 

 

 

Figure 5-11 Candidate 444 in situ hybridisation probe PCR. Asymmetric PCR on 
double stranded template using forward or reverse primers. An increase in 
apparent size when electrophoresed alongside template (134 bp) indicates 
incorporation of DIG-labelled dUTP. 
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Figure 5-12 5-13 Candidate 444 in situ hybridisation. i) In situ hybridisation using 
the reverse probe highlights dark staining of a paired structure anterior to the 
median bulb (arrow) in 14 days post infection females. ii) No such staining 
pattern was seen with the negative control forward probe. iii) Comparison to 
the schematic diagram indicates the staining is consistent with the amphid 
sheath cells. 
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 Yeast-two-hybrid analysis of candidates 444 and 5.4.4.2.
176  

Both 444 and 176 genes appear to be expressed in the same tissue; the amphid 
sheath cells. In addition, they are both expressed at the same time in the nematode 
life cycle and both encode tandem repeat proteins. Potential interactions between 
and within 444 subfamilies or with 176 protein were therefore investigated. The 176 
gene and a representative of each 444 subfamily were cloned into both bait and 
prey vectors for Yeast-two-Hybrid (Y2H) analysis. Every pairwise interaction 
between all baits and preys was carried out. An interaction between sequence 176 
as bait and prey was seen as indicated by yeast growth on selection medium 
(Figure 5-13). When re-streaked on high stringency medium the interaction was 
confirmed by the growth of yeast colonies and activation of the LacZ gene giving 
rise to blue colonies. No interactions were seen with any of the 444 subfamily 
proteins, either with themselves or with the 176 protein, on the low or high 
stringency selection media. Repeating this experiment on three separate occasions 
produced the same pattern of interactions. 

 Candidate 444 and 176 bacterial expression and 5.4.4.3.
mass spectrometry 

In order to confirm the interactions, or lack thereof, from the yeast-two-hybrid 
experiment a second method to test protein interactions (mass spectrometry) was 
used. The protein sequences used for Y2H were expressed in, and purified from, 
bacteria (as described in Section 2.5). The 176 protein was insoluble when 
expressed in bacteria and was therefore not amenable to mass spectrometry. 444-
B was the only protein that expressed well and was soluble. It was therefore tested 
for interaction with itself, however no such interaction could be seen. For 444-B this 
confirmed the negative result seen in Y2H.  
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Figure 5-14 444 and 176 Yeast-two-hybrid analysis. Every pairwise interaction 
between a member of each 444 subfamily (A, B and C) and 176 was carried 
out. i) Growth of yeast on mating medium indicates roughly equal quantities of 
yeast for each interaction. ii) An interaction, as indicated by yeast growth on 
selection medium, can be seen between 176 protein and its self. No 
interaction is present between any of the 444 subfamily proteins.  
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 444 – Antigen design and immunolocalisation 5.4.4.4.

To determine if the 444 proteins are secreted from the amphids, one representative 
member from each 444 subfamily was used to define antigenic regions of the 
mature peptides common to all subfamilies (Figure 5-14). This region was used to 
design a synthetic peptide of 29 amino acids in length, with a minimum of 13 amino 
acids with 100% identity to each of the 444 subfamilies (Figure 5-15). The 
specificity of the antibody produced was tested by western blotting (Figure 5-15ii). A 
sample of purified 444-B protein was electrophoresed alongside a sample of 176 
protein. 176 protein was used as a control as it is a protein that also contains 
tandem repeats but is not a 444. The 444 antibody only detected the 444-B protein 
and not the 176 protein. The 444 antibody was able to detect several proteins in a 
total nematode extraction, but did not detect any proteins in the same quantity of 
plant root protein (Figure 5-16). Pre-immune serum did not bind to purified 444-B 
protein and did not bind to the same range of proteins in nematode extracts (Figure 
5-16). The 444 antibody bound to a protein present in the intercellular spaces at the 
plant-nematode interface between the anterior end of the nematode and the feeding 
site (Figure 5-17). 
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Figure 5-15 444 antigenic regions for peptide design. An alignment of the N-terminal region of proteins from all 444 subfamilies. Antigenic 
regions of the proteins are compared with conserved sections of the alignment to identify a suitable location for generating antibodies. The 
regions varied slightly between subfamilies, although at least 13 amino acids of the synthetic peptide (boxed) match with 100% identity to 
each of the three subfamilies. 
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Figure 5-16 444 Immunolocalisation - Peptide design and antiserum quality 
control. A single peptide was designed that contained a minimum of 13 
amino acids identical to a conserved region between the three subfamilies (i). 
The peptide was used raise a polyclonal antibody able to detect all 444 
proteins. Specific binding of the antisera is seen to a 444 subfamily B protein 
expressed in bacteria, when compared to the control nematode gene 176 (ii). 
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Figure 5-17 444 antiserum specificity control. Equal quantities of whole 
nematode protein extract, plant root protein extract are electrophoresed 
alongside very low amount of 444-B purified protein. 444 antibody specifically 
detects 444-B proteins expressed and purified from bacteria and a range of 
proteins from a total nematode extract that are not detected using the same 
concentrations of pre-immune control. Neither 444 antisera or pre-immune 
control can detect plant proteins at these concentrations. 
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Figure 5-18 Immunolocalisation of 444 proteins in infected root tissue. i) 2 μm section of an infected potato root showing 444 protein (green) 
detected between cell walls (blue) in the apoplasm between the feeding site (*) and the anterior end of the nematode (N) 14 days post 
infection. Cell walls are stained with calcofluor white (blue). ii) Comparison with a schematic highlights the nematode in the context of the 
syncytium and the root tissue. 
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 RNA interference of candidate 444  5.4.4.5.

A construct was designed to express a hairpin transcript derived from a single 
member of subfamily A as double stranded RNA in planta using either the full 
length transcript (F) or the 3’ conserved region (S). The ability of each construct to 
knockout all members of all subfamilies was assessed computationally. A 
consensus sequence for each subfamily was generated by aligning all cDNA clones 
within groups in Sequencher. Every possible 21 nucleotide section across the 
length of the full length (F) or 3’ conserved (S) inverted repeat was compared on 
the basis of 100% identity to the consensus sequence for each group. The full 
length construct, as expected, showed considerably better coverage for all 
subfamilies. Coverage across the group A consensus sequence was almost 
ubiquitous, with 400 fragments matching across the length of the sequence. 26 
individual 21 nucleotide fragments matched across most of the length of the group 
B consensus sequence. 10 fragments matched to the group C consensus 
sequence, including 4 at the 3’ end. The full length inverted repeat construct would 
therefore be expected to down regulate the 444 transcript/s of any nematode 
feeding on the transgenic plants, irrespective of the complement of 444 genes in 
each nematode. This IR construct was transformed into A. rhizogenes (R1000) for 
hairy root transformation. Successfully transformed hairy root lines were tested for 
expression of the IR construct by sqRT-PCR (Figure 5-18). Expressing lines, whose 
growth phenotypes matched most closely those of the WT and GFP IR lines, were 
used for an infection trial (Figure 5-19). 444-A-IR lines showed a significant 
reduction (of approximately 50-60%) in total nematode infection when compared to 
wild type hairy roots or GFP (p < 0.05). 
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Figure 5-19 Semi-quantitative RT-PCR of 444-A-IR hairy roots. Relative quantity 
of PCR product amplified using gene specific primers after 25 cycles (i) 
compared to elongation factor primer after 23 cycles (ii) was used as an 
indication of transgene expression level. High expressing 444 IR lines are 
indicated by boxes. Individual transformation events (a-h) are indicated as 
either short 3’ inverted repeat (S) or full length inverted repeat (F), of either 
the first (1) or second (2) transformation occasions. 

 

Figure 5-20 In planta RNAi of 444 genes. Three lines of transgenic hairy roots 
expressing the 444-A inverted repeat were tested against wild type hairy 
roots, and transgenic hairy roots expressed a GFP inverted repeat. All three 
444-A lines showed a significant reduction (p < 0.05) in the total number of 
successfully established G. pallida nematodes at 14 dpi when compared to 
the GFP IR line.  
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5.4.5. Candidate 448 gene family 

Twenty eight 448 gene family members were identified that encoded proteins with 
predicted secretion signals. These were broadly categorised into four major groups 
based on an alignment of the protein sequences. All secreted 448 proteins had 
similar expression profiles, being highly up regulated at 7 and 14 days post 
infection, with reduced expression in later feeding stages.  

 Candidate 448 in situ hybridisation 5.4.5.1.

The 448 DNA sequences from G. pallida can be divided into several groups. The 
assumption was made that because all 448 sequences are very similar, within and 
between groups, and all have the same temporal expression profile, they would all 
have the same spatial expression profile. A generic in situ probe was designed to 
target one of the groups, without the aim of being specific to that group. The probe 
designed was based on the cloned sequence of GPLIN_000950100. This probe 
shared an average of 77% nucleotide identity with other members of its group and 
an average of 46% identity with all other 448 sequences. Figure 5-20 shows the 
characteristic apparent increase in molecular weight as expected for DIG 
incorporation. Figure 5-21 shows a typical hybridisation pattern highlighting 
expression in the dorsal gland cell. It is unclear which of the 448 family members 
the probe is binding to. However, based on the sequence identity of the probe to 
other 448 genes, it is likely that it binds to the mRNA from more than one 448 gene. 
This may also account for the extremely strong staining. 
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Figure 5-21 Candidate 448 in situ hybridisation probe. Single stranded DIG-
labelled DNA probe for the forward and reverse primers electrophoresed 
alongside template double stranded DNA. The increase in apparent molecular 
weight of the probes is as a result of the incorporation of DIG labelled dUTP. 

 

Figure 5-22 Candidate 448 in situ hybridisation. i) In situ hybridisation shows 
dark specific staining in a single large cell posterior to the median bulb (arrow) 
of feeding 14 days post infection female G. pallida. ii) No staining is observed 
using the opposite sense probe. iii) Comparison with the schematic suggests 
this staining corresponds to the position of the dorsal gland cell. 
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 Candidate 448 RNA interference 5.4.5.2.

Due to the large number, and possible redundancy, of 448 genes, a construct was 
designed to knock out as many sequences as possible as it is impractical to make 
28 individual inverted repeat constructs or a single construct containing 28 different 
inverted repeats. The 448 sequences can be subdivided into several groups, with 
three ‘major’ groups (Figure 5-22). An inverted repeat construct for each of the 
major groups was designed, and concatenated to form a triple inverted repeat 
construct that will generate 21 nucleotide silencing fragments binding to most of the 
known 448 sequences. The entire triple inverted repeat construct was compared by 
BLAST to the non-redundant nucleotide database and the G. pallida assembled 
genome sequence. The only sequences identified were from the G. pallida genome 
and corresponded to 448 genes. The construct was generated and transformed into 
potato hairy roots. However there was insufficient time to conduct infection trials on 
these lines.  

 Candidate 448 antibody design 5.4.5.3.

One representative member from two of the major groups containing 448 genes 
previously cloned was used to define antigenic regions of the mature peptide 
(Figure 5-23). This, coupled with a protein alignment identified antigenic regions 
specific to each. Synthetic peptides of 16 and 17 amino acids in length were 
synthesised for the group containing 448-1 and 448-4 respectively. The group 448-
4 peptide shares 100% similarity with all members of its group across at least 15 
amino acids whereas the group 448-1 peptide share 100% similarity with one 
member of its group, and 1 amino acid mismatch with the rest of its group, either a 
T to N substitution in position 8 or an E to K substitution in position 9 (Figure 5-23). 
There was insufficient time to fully test or characterise the 448 protein localisation in 
planta.  
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Figure 5-23 448 triple inverted repeat construct. DNA alignment of 448 transcripts 
encoding secreted proteins. For each panel conserved nucleotides in 448 
transcripts compared to the Inverted Repeat (IR) are indicated by a point. 
Three separate sections of DNA that broadly correspond to each of the major 
groups in a DNA alignment of 448 transcripts were concatenated to produce a 
single construct. The single construct should have at least one 21 nt fragment 
overlapping most of the sequences present.  
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Figure 5-24 448 antigen design. Antigenic regions of two groups of 448 genes previously described (448-1 and 448-4) were 
predicted and compared to a protein alignment of 448s from all groups. Antigenic regions specific to group 448-1 and 448-2 
were used to synthesise synthetic peptides. 
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5.5. Discussion 

5.5.1.  Effector identification strategies 

The pipeline described in Chapter 4 aimed to identify candidate feeding structure 
genes. These fall under the broad definition of effectors “proteins (or other factors) 
secreted by a pathogen into its host in order to manipulate the host to the 
advantage of the pathogen”. Sequences similar to the 448 genes have been 
previously identified in gland cell library sequencing studies (Gao et al., 2003) 
representing a convergence of identification strategies and providing confidence 
that the bioinformatic pipeline described here can be used to identify effectors. It is 
perhaps surprising that more cases of convergence in identification strategies were 
not found. As discussed in Chapter 4, the approach taken is prone to false positives 
(i.e. the identification of genes that are not effectors). In the case of 225 this was 
indeed true: in situ hybridisation localised gene expression to the entire body 
including the digestive system of the nematode. Digestive expression might be 
expected as the characteristics of a hypothetical feeding tube/plug gene are similar 
to those of a digestive enzyme. Both require expression during the feeding stages 
and in order for both to be functional they require secretion. It is possible that the 
extremely strict expression profiling criteria used in this study prevented more 
known effectors from coming through the pipeline. The identification strategy used 
here also allows effectors originating from tissues other than the gland cells to be 
identified and therefore offers a complementary approach.  

5.5.2. The role of amphids during the feeding stages of 
Globodera pallida  

As previously suggested (Perry, 1996, Jones et al., 1994), the data presented here 
indicate a changing role for the amphids in G. pallida throughout the life cycle. 
Members of two putative effector families, 444 and 176, were expressed in large 
secretory cells associated with the amphids (amphid sheath cells). The amphid 
sheath cells produce material that is present in the amphid canal (Endo, 1978). 
Although two previous studies suggested that the feeding plug originates from the 
opening of the amphid canal, 444 proteins are detected extending further into the 
apoplasm than would be expected of feeding plugs (Endo, 1978). Moreover it is 
challenging to rationalise the high sequence variability and individual variation of 
444 gene complement in the context of a feeding plug. As discussed in Chapter 4 
the variable tandem repeat structure is complex and contains highly conserved 
residues interspersed with variable single- or di-residues. It was hypothesised that 
the tandem repeats may be involved in homo- or hetero-complex formation. 
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However, no evidence for 444 protein-protein interactions was found in Y2H or 
mass-spectrometry. It is unclear what the role of the different subfamilies, or indeed 
the variable number tandem repeats, is in the context of plant parasitic nematodes. 
It is possible that they may interact with a plant protein or glycan situated in the 
apoplasm. Screening either a plant-derived Y2H library or an array of apoplastic 
glycans may identify binding partners of 444 proteins (Liang et al., 2008). Once 
identified, the interaction affinity with different subfamilies or numbers/organisations 
of tandem repeats may elucidate their biological function. Other apoplastic effectors 
of plant-parasitic nematodes include a calreticulin effector (Mi-CRT) of M. incognita 
(Jaouannet et al., 2013). This protein is secreted from the subventral gland cells 
into the apoplasm and functions to suppress host defences by preventing calcium 
influx. Future work will elucidate if 444 genes have a similar function.  

The 176 gene is also expressed in the amphid sheath cells. Although no in planta 
localisation studies have been carried out, 176 did self-associate in Y2H, indicating 
that it may form complexes in planta. It was not possible to confirm the Y2H 
interaction in mass-spectrometry because the protein was insoluble when 
expressed in bacteria. It is reasonable to speculate that the components of a 
feeding plug, which has a dense fibrous appearance in electron micrographs, would 
indeed be insoluble. Further evidence is required to determine if 176 genes do 
encode components of the feeding plug. 

The data here for the 444 and 176 gene families, in addition to those of other 
effector families described in Section 5.1.3.1, suggest that the amphids play a major 
role in delivering proteins to the apoplasm during successful interactions. 

5.5.3. RNA interference 

Gene knockdown studies for plant-parasitic nematodes using RNAi either rely on 
dsRNA soaking or in planta delivery (Lilley et al., 2007, Lilley et al., 2012). RNA 
soaking was not attempted in this study as one of the criteria for identifying these 
genes was that expression is restricted to the feeding stages. RNAi requires some 
transcript to be present before transcript degradation can maintain the knockdown 
effect, therefore exposing J2s (that do not express these genes) to dsRNA would 
most likely be ineffective. Instead, a hairpin construct was expressed in potato hairy 
roots. It has been reported that dsRNA expression in hairy roots is not ubiquitous 
and that phenotypes of the root cultures can vary, which may affect nematode 
infection (Wubben et al., 2009, Triplett et al., 2008). Phenotypes of no vector 
control, GFP IR control, and candidate feeding structure gene IR hairy root lines 
were therefore matched as well as possible before infecting with nematodes. Due to 
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the patchy nature of hairy root transgene expression (Triplett et al., 2008, Wubben 
et al., 2009), it is possible that successfully established nematodes had induced 
feeding sites from cells not expressing the dsRNA. It is therefore difficult to confirm 
the knockdown of expression from the nematodes that successfully establish. 
Similarly due to the amplification step and transient nature of RNAi in nematodes 
(Dalzell et al., 2011), highly specific knockout studies of individual sequences within 
large gene families (448 or 444) are not possible. 

Despite the inherent variability of the hairy root system (Wubben et al., 2009), 
knockdown of the 444 genes resulted in a significant reduction in nematode 
numbers compared to the GFP control. Although the dsRNA construct used has the 
potential to knock down all members of all subfamilies characterised to date, the list 
of cloned 444 sequences we have characterised is unlikely to be complete. Future 
work will focus on generating transgenic potato plants expressing the inverted 
repeat constructs of all three 444 gene subfamilies, potentially combating the 
diversity of 444 genes. RNAi has been proposed as a method to develop novel 
synthetic disease resistance in crop species (Heinemann et al., 2013). More work 
will be needed to determine if a triple 444-IR construct will provide sufficient levels 
of resistance to constitute a reliable solution. Additionally, work will be carried out to 
identify the stage at which infection is unsuccessful. Interestingly knockdown of the 
3453 gene family did appear to result in a reduction in nematodes compared to the 
wild type control. However, the GFP-IR control showed similar levels of infection to 
the 3453-IR lines. This again highlights the inherent variability of transgenic hairy 
roots for host-derived RNAi. 

RNAi signal trafficking between host and parasite has been demonstrated on 
numerous occasions. Examples include chewing insects that lyse cells and feed 
directly from host cell cytoplasm (Baum et al., 2007). The stylets of Clade 12 plant-
parasitic nematodes do not cross the plasma membrane but rather cause local 
invaginations. However, these plant-parasitic nematodes ingest host cell cytoplasm 
as shown by uptake of fluorescent proteins and dextrans (Valentine et al., 2007, 
Bockenhoff and Grundler, 1994). In planta dsRNA expression does result in 
nematode gene silencing (Huang et al., 2006) and the dsRNA is presumably 
introduced to the nematode by the same means. Indeed this appears to be 
common to other host-pathogen interactions from a range of kingdoms. Obligate 
biotrophic fungi, such as Bulmeria graminis, form specialised interactions with their 
hosts (Nowara et al., 2010) in which finger-like appendages also form local 
invaginations of host cell plasma membrane. Similar to sedentary plant-parasitic 
nematodes, fungal haustoria do not rupture the plasma membrane. Despite this, 
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host induced gene silencing has still been demonstrated (Nowara et al., 2010, 
Pliego et al., 2013) and the signal must cross the haustorial membrane. In addition, 
plant-parasitic plants also form structurally similar haustoria with similar RNAi signal 
trafficking (Westwood et al., 2009, Tomilov et al., 2008). It has been suggested that 
the crossing of the plasma membrane may be facilitated by plasmodesmata or 
intense vesicle trafficking at the haustorial membrane (Nowara et al., 2010). It has 
been shown that plasmodesmata are active in syncytia between plant cells 
(Hofmann and Grundler, 2006) although no studies have directly analysed the 
plant-nematode interface for plasmodesmata or increased vesicle trafficking. 
Interestingly, recent work (Weiberg et al., 2013) has demonstrated that parasites 
use small RNA molecules as effectors, demonstrating that mechanisms for transfer 
of RNA between host and parasite exist.  
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Summary 

• The spatial expression patterns of 5 genes/gene families have been 
characterised. Three of the five candidates are expressed in tissues with the 
capacity to secrete proteins into the host, reinforcing their function as putative-
effectors.  
 

• The 444 proteins are secreted into the host, accumulate in the apoplasm, and 
are required for parasitism.  
 

• 176 genes are expressed in secretory cells and the proteins form self-associated 
complexes. 176 monomers, or complexes, are insoluble when expressed in 
bacteria.  
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6. Analysis of the transcriptomes of cyst nematodes and 
related species 

6.1. Introduction 

As discussed in Chapter 1, feeding tubes and feeding plugs have been identified in 
a range of biotrophic plant parasitic nematode species. Having identified (Chapter 
4) and characterised (Chapter 5) putative feeding plug and feeding tube 
components from G. pallida, it was decided to investigate the presence of these 
candidates in other related nematode species for which feeding structures have 
been described, in the hope that this would provide further evidence for their 
proposed function(s). An analysis of the biology of related species and their feeding 
structures allows an informed decision to be made on which species to compare.  

6.1.1. Related plant parasitic nematodes 

 The root knot nematode Meloidogyne incognita 6.1.1.1.

As introduced in Chapter 1, root-knot nematodes are sedentary biotrophic 
pathogens in Clade 12 of the phylum Nematoda. Although they induce feeding sites 
known as giant cells, these are morphologically distinct from the cyst nematode 
syncytia.  

 The reniform nematode Rotylenchulus reniformis 6.1.1.2.

The reniform nematodes, so named due to their kidney shaped body, are 
comprised of 10 valid species, for which Rotylenchulus reniformis is the most 
economically important and consequently the most well studied (Robinson et al., 
1998). R. reniformis has a very broad host range of > 300 plant species, many of 
which are common weeds (Quénéhervé et al., 2006, Agudelo et al., 2005, 
Robinson et al., 1998). J2 hatch from eggs deposited in the soil where they moult, 
without feeding, into J3, J4 and immature females or males at a roughly 50:50 ratio 
(Bird, 1983). Females penetrate through the cortex destructively and induce feeding 
site formation in the stele. The feeding site of R. reniformis is similar 
morphologically to that of the cyst nematodes and is so termed a syncytium 
(Agudelo et al., 2005, Rebois et al., 1975) . Although less information is available 
regarding the reniform nematode syncytium, it is assumed it shares similar 
metabolic characteristics as that of the cyst nematodes due to its morphological 
similarity and its phylogenetic proximity (van Megen et al., 2009). 
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 The cyst nematode Globodera rostochiensis 6.1.1.3.

The life cycle, host range, and biology of the cyst nematode Globodera 
rostochiensis is very similar to that of G. pallida and is described in detail in 
Chapter 1. 

6.1.2. Feeding structures in related plant parasitic 
nematodes 

 Feeding tubes 6.1.2.1.

Feeding tubes have been identified from a wide range of nematode species in 
several different clades of plant parasitic nematodes, suggesting an essential role in 
plant parasitism. Within the Clade 12 plant parasites (van Megen et al., 2009), 
which includes the sedentary endoparasitic nematodes, feeding tubes have been 
observed in many species that induce feeding structures including Meloidogyne 
spp, Rotylenchulus reniformis, and Globodera spp (Rahman Razak and Evans, 
1976, Rebois, 1980). Individual species within each of these three genera have 
very similar feeding strategies and structures (Paal et al., 2004, Wyss and Grundler, 
1992, Wyss, 1992). Feeding tubes are not produced by related nematodes that do 
not induce feeding structures (e.g. migratory endoparasites) suggesting that they 
represent an adaptation to biotrophic interactions. 

The differences in the morphology and composition of the feeding tubes of root 
knot, cyst and reniform nematodes are summarised in Figure 6-1. Feeding tubes of 
M. incognita have a regular crystalline structure with a diameter ranging from 820-
990 nm, consisting of an electron dense wall approximately 190-290 nm thick and 
an electron transparent lumen 340-510 nm in diameter. The feeding tubes are up to 
73 µm in length (Hussey and Mims, 1991), and are often associated with whorls of 
membrane systems of unknown function. Cyst nematode feeding tubes, such as 
those of G. pallida and G. rostochiensis, are of a similar length but their walls are 
composed of an electron dense mesh with no regular structure observable under a 
transmission electron microscope. They contain an electron transparent lumen of 
diameter approximately 600nm with a considerably thinner wall of 80-180 nm and 
are not associated with membrane systems. Reniform nematode feeding tubes are 
morphologically similar to those of the cyst nematodes (Figure 6-1) insomuch that 
they lack the regular crystalline structure of the root knot nematode feeding tube 
(Rebois, 1980). Reniform nematodes produce a spiral feeding tube with a maximum 
diameter of 0.6 – 1.2 μm that decreases as the distance from the stylet aperture 
increases (Rebois, 1980). R. reniformis feeding tubes are approximately 118 μm in 
length (Rebois et al., 1975), longer than those produced by root knot nematodes 
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and cyst nematodes (Hussey and Mims, 1991). Membrane systems, similar to 
those associated with root knot nematode feeding tubes, have been described for 
R. reniformis (Rebois, 1980).  

 Feeding plugs 6.1.2.2.

Feeding plugs have been reported in a range of cyst nematodes (Sobczak et al., 
1999, Holtmann et al., 2000, Endo, 1978) and appear to be specifically associated 
with syncytia, as they have never been described as being in association with root-
knot nematode giant cells (Hussey and Mims, 1991). A similar structure (variously 
referred to as a feeding plug or feeding peg) has also been described in 
R. reniformis (Razak and Evans, 1976, Rebois, 1980). However, the R. reniformis 
feeding plug appears to be morphologically distinct from the cyst nematode feeding 
plug. 

 Feeding structures in different species 6.1.2.3.

The morphological differences between the root knot nematode feeding tube and 
that produced by cyst and reniform nematodes probably reflects independent 
origins of sedentary endoparasitism in these groups. It is therefore likely that the 
genes that encode components of these structures are different. Similarly, feeding 
plugs have never been described for root knot nematodes but a similar structure 
has been described for the reniform nematodes. We would therefore not expect to 
find any of the G. pallida candidate feeding structure genes identified in Chapter 4 
in the root knot nematodes. However, we expect them to be present in other cyst 
nematodes, such as G. rostochiensis (Figure 6-1), and they may be present in the 
reniform nematode R. reniformis (Figure 6-1). 
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Figure 6-1 Phylogenetic distribution and morphology of feeding tubes and feeding plugs. Local phylogenetic history of related plant parasitic 
nematodes adapted from Eves-van den Akker et. al., (in preparation). Feeding tube images adapted from Rebois (1980) (Rebois, 1980) and 
P. E. Urwin (per. comm.). Feeding plug images adapted from Endo (1978) and Rebois (1980) (Endo, 1978, Rebois, 1980). 
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6.1.3. DNA Sequencing and next generation technology 

 History of DNA sequencing 6.1.3.1.

In 1977 Frederick Sanger developed the first generation of sequencing technology 
based on chain termination. This procedure was subsequently named Sanger 
sequencing (Sanger et al., 1977), and was the first widely accepted sequencing 
technology. Variations of this technology are still used to the present day for many 
low throughput sequencing applications. Sanger sequencing can generate long 
reads (up to 900 bases) with very high accuracy (99.999% (Liu et al., 2012)). This 
was the primary technology used for the human genome project (Collins et al., 
2003). This project cost $ 4.7 billion USD (adjusted for inflation) and these high 
costs fuelled research into sequencing technology, leading to the development of 
the Next Generation Sequencing (NGS) technologies (Liu et al., 2012), that are 
orders of magnitude faster, cheaper and more efficient.  

 Next Generation Sequencing (NGS) 6.1.3.2.

There are three main NGS sequencing platforms, each of which has its own 
advantages and disadvantages, but all of which have vastly greater throughput than 
Sanger sequencing.  

Roche 454 sequencing was the first commercially available technology. Modern 
454 machines are capable of producing approximately 1 million 700 bp single end 
reads in 24 hours. The main disadvantages of this technology are its low accuracy 
across polyN tracts and its relatively high cost. 454 sequencing is by far the most 
expensive of the NGS technologies. costing > $ 12 per million bases. Although this 
is vastly less expensive than Sanger sequencing the other two NGS technologies 
are 100 – 200 times less expensive. SOLiDv4, produces short reads (< 100bp) at 
comparable accuracies to Roche 454, but has considerably higher read depth. 
Illumina sequencing is by far the most widely used NGS technology, due to its very 
low cost ($ 0.07 per million bases for the HiSeq) and incredibly high output (3 billion 
100 bp paired end reads in 3 – 10 days). It has slightly lower accuracy than the 
other technologies (98%) but this is compensated for by considerable increases in 
read depth. Comparisons between the three platforms by re-sequencing well 
characterised organisms have shown very little difference in overall performance 
(Suzuki et al., 2011). Next generation sequencing has revolutionised almost every 
field of life sciences, including nematology. Genome sequencing, previously only 
attainable for a few carefully selected model organisms, is now accessible for 
almost all organisms. For example, sequencing of individual strains of economically 
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important eukaryotic pathogens can be carried out rapidly in response to emerging 
threats (Chowdappa et al., 2013). 

 RNAseq 6.1.3.3.

One of the increasingly common and valuable applications of NGS technology is 
RNA sequencing (RNAseq). A total RNA sample can be converted to first strand 
cDNA, and sequenced on any of the NGS platforms. Depth of coverage is 
sufficiently great that simultaneous detection and quantification of all transcripts in a 
given RNA sample is feasible. This RNA sequence can be mapped to an 
assembled genome sequence or assembled de novo. This is an incredibly powerful 
tool that can generate transcriptome data sets, for organisms that do not have well 
characterised genome sequences, at very low costs. 

As part of the G. pallida genome sequencing project, a draft G. rostochiensis 
genome sequence was produced. In addition, RNA was sequenced from two 
biological replicates of second stage juveniles of G. rostochiensis. In order to take 
advantage of this pre-existing information, G. rostochiensis was chosen as one of 
the species to compare to G. pallida. R. reniformis was chosen as the second 
species to compare, due to its close phylogenetic proximity and similarity in feeding 
structure morphology. M. incognita was not chosen due to its independent origin of 
sedentary parasitism, lack of feeding plug, and morphologically distinct feeding 
tube. RNA seq is an ideal tool for generating reference transcriptome sequences for 
intra and inter-specific comparisons.   
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6.2. Aims  

The aim of this part of the work was to use Illumina sequencing to generate 
transcriptome data sets for two species of plant parasitic nematode related to 
G. pallida; G. rostochiensis and R. reniformis. 

• For each species, sequence a parasitic and a juvenile life stage, with 
biological replicates. 

• Carry out differential expression analysis and comparative transcriptomics 
for analysis within and between species. 

• Confirm the presence or absence of the candidate feeding structure genes 
identified from G. pallida in these two related species.  
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6.3. Materials and methods 

6.3.1. Biological material 

For G. rostochiensis, the same batch of cysts that was used for the genome and 
transcriptome sequencing carried out prior to this project was used to generate 
biological material. This allowed direct comparison between the two datasets. A 
highly inbred line of R. reniformis, originally created by Dr. Forrest Robinson, was 
obtained from Dr Martin Wubben, and used for all sequencing of this species.  

6.3.2. Nematode collection and RNA extraction 

 G. rostochiensis second stage juveniles 6.3.2.1.

G. rostochiensis cysts, stored dry at 4 oC, were hatched in potato root diffusate to 
release the second stage juvenile (J2) nematodes, as described in section 2.3.2. 
J2s were collected into 15 ml polystyrene tubes (Starstedt, Leicester) and allowed 
to stand for 30 seconds. The supernatant was removed to a clean 15 ml 
polystyrene tube to separate J2s from any large, heavy debris. Small, lighter debris 
was removed by allowing the nematode suspension to settle for 30 minutes and 
discarding the supernatant.  

 G. rostochiensis sedentary female feeding females 6.3.2.2.

Nematodes were extracted 14 days post infection (dpi) using the protocol described 
in section 2.3.3 and flash frozen in liquid nitrogen. 

 R. reniformis J2 6.3.2.3.

R. reniformis J2 were hatched from eggs collected from infected plants. Root tissue 
was removed from the soil and cleaned. Clean root tissue was cut into ~ 2 cm 
sections and homogenised in a bench top blender for 10 seconds. Homogenised 
tissue was passed over 150 μm, 63 μm and 25 μm sieves. Eggs were collected 
from the 25 μm sieve and cleaned by sucrose centrifugation (Section 2.3.3). Eggs 
were allowed to hatch at room temperature in water over a 25 μm mesh. J2 
nematodes were collected daily from under the 25 μm mesh, nematodes collected 
in the first 2-3 days were discarded. Collected J2s were cleaned, as described 
above, and flash frozen in liquid nitrogen. 

 R. reniformis feeding stage 6.3.2.4.

Feeding stage females of R. reniformis were extracted using a similar method to 
that for cyst nematodes described in section 2.3.3 except that cotton was used as 
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the host, and nematodes were collected from 5-10 week old plants. Using plants of 
this age allowed multiple rounds of reproduction to occur and therefore populations 
were un-synchronised. Only the relevant, sedentary female equivalent, stages were 
collected manually under the microscope using a pipette.  

 RNA extraction and quality control 6.3.2.5.

RNA extractions were carried out using RNeasy Spin columns (Qiagen) using the 
slightly modified protocol as described in Section 2.4.7. 4 μl of RNA was removed 
from each sample for quality control, the remainder was stored at -80 oC. Two 
methods were used to assess the quality of extracted RNA. Firstly, 2 μl of each 
sample was analysed using a Nanodrop spectrophotometer (NanoDrop products, 
Delaware, USA), and the absorbance at 230, 260 and 280 nm was recorded. 
Samples where the ratio of absorbance at 260/280 was > 2 and the ratio of 
absorbance at 260/230 was between 2 and 2.2 were also processed on a 
Bioanalyser (Agilent Technologies, California, USA). Samples with an RNA Integrity 
Number (RIN) greater than 8 were considered sufficiently high quality for library 
construction and sequencing.  

6.3.3. Library construction, sequencing and quality control 

Library construction and sequencing was carried out using the service provided by 
The Genome Analysis Centre (TGAC, Norwich, UK). In brief, libraries were 
constructed using the PerkinElmer Sciclone using the TruSeq RNA protocol 
(Illumina). mRNA was separated from 1 μg of total RNA by poly-A pull down using 
biotin beads. mRNA was fragmented, cDNA synthesised, and overhanging ends 
repaired to create blunt ended DNA. 3’ A over hangs were added using Taq DNA 
polymerase, and ligated to corresponding 3’ T overhangs present on adapter 
sequences. Un-ligated adapters were removed using size selection XP beads 
(Beckman Coulter).  

Nine libraries for three conditions (G. rostochiensis sedentary female, R. reniformis 
J2 and R. reniformis sedentary female), each in biological triplicate, were prepared 
with different barcoded adapters. Library quantities were normalised and pooled to 
a concentration of 10 nM each. The pooled sample was diluted to a final 
concentration of 10 pM, spiked with 1% PhiX control v3 and sequenced on a single 
lane of Illumina HiSeq using 100 cycles for each paired end read. 

Raw DNA reads were supplied with a quality score for each base ranging from 10 
to 50, representing the confidence with which each base was called. Each library 
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was visualised in FastQC to assess the per base GC content, average quality score 
per base, and the presence of any over-represented sequences. Over-represented 
sequences for all libraries were pooled into a single text file for later filtering. 

Reads were trimmed based on quality score using the program Trimmomatic. Two 
approaches were used for quality trimming, depending on the application of the 
reads. A high stringency approach was used for trimming reads prior to assembly, 
and a less stringent approach was used for trimming reads prior to mapping. 
Leading or trailing bases were removed if they had a quality score of less than 28 or 
22 for assembly and mapping respectively. A sliding window of 10 bases was 
passed over each read, if the average quality score was less than 28 or 22 for 
assembly or mapping respectively the entire window was removed. In both 
approaches after trimming a minimum read length of 50 nucleotides was specified. 
All over represented sequences corresponding to Illumina adapters were removed 
by comparison to the over represented sequences file prepared previously.  

Trimmed RNA reads were then loaded back into FastQC to verify Trimmomatic had 
successfully cleaned the reads. Trimmed reads for assembly were pooled by 
concatenating all files for each pair in the same order.  

6.3.4. Assembly 

 In silico normalisation 6.3.4.1.

An in silico normalisation step was applied to the reads prior to assembly using the 
normalize_by_kmer_coverage.pl script supplied with Trinity. This step is designed 
to reduce the computational power and time required by removing any reads that 
are represented more than once. Approximately 1GB of RAM was used per million 
reads, and 10 CPUs were requested from the server. Following normalisation the 
number of remaining reads was counted; typically this should result in a reduction 
of 90% of the reads but only a loss of 0.6% of the information.  

 Trinity assembly 6.3.4.2.

Trinity (version r2013-02-25) was used to assemble transcriptomes de novo using 
the in silico normalised reads. All parameters were left at default, and 200GB RAM 
was requested from the cluster. Following assembly, the TrinityStats.pl script was 
used to count the number of transcripts, components, and the N50 value for each 
species. 
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 CLC bio assembly 6.3.4.3.

CLC version 4.0 was used to assemble de novo transcriptomes using both the in 
silico normalised reads and the non-normalised reads for comparison. All 
parameters were set to default.  

6.3.5. Mapping 

 Mapping to genome - TopHat2 6.3.5.1.

TopHat2 was used to map cleaned reads back to the assembled genome for 
G. rostochiensis. Maximum intron size was estimated at 11,000 nucleotides based 
on the published information available for the closely related cyst nematode 
G. pallida. Library insert size was calculated to 400 from average insert size plus 
two times the average read length. 

 Mapping to transcriptome - Bowtie2 6.3.5.2.

Bowtie2 was used to map cleaned reads back to assembled transcriptomes using 
default parameters. The Trinity wrapper script run_RSEM_align_n_estimate.pl was 
used (discussed in more detail below). For mapping raw reads to fasta files of 
interest from different species, a less restrictive approach was taken by increasing 
the allowed mismatches using the following parameters: -N 1, -L 15, -i S,1,0.50, -D 
20, -R 3 

6.3.6. Differential expression 

The Trinity wrapper script run_RSEM_align_n_estimate.pl automatically runs both 
Bowtie2 (mapping) and RSEM (read counts). For each library the cleaned mapping 
reads were mapped back to the relevant transcriptome using default parameters. 
This generates one file per library and these were then merged to give a gene 
counts matrix for all data libraries using merge_RSEM_frag_counts_single_table.pl. 
Differential expression was calculated using the perl script run_DE_analysis.pl and 
specifying the method as edgeR. The data were then normalised using 
run_TMM_normalisation_write_FPKM_matrix.pl. Finally, differential expression was 
analysed using the script analyse_diff_expr.pl For R. reniformis differentially 
expressed transcripts were defined as a minimum of 4 fold change between 
conditions with a minimum p-value of 0.001. For G. rostochiensis only two 
replicates were available for each condition (section 6.4.4.2) and so to ensure 
confidence in the results the minimum p-value was decreased by two orders of 
magnitude to 0.00001. The significantly differentially expressed transcripts were 
clustered based on their expression using the define_clusters_by_cutting_tree.pl 
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script and setting the percentage height to 40. This produced 4 clusters for each 
species, an up-regulated and a highly up-regulated for each life stage. The above 
pipeline was carried out for Trinity transcripts and Trinity components but only 
Trinity components were used in downstream analyses. 

6.3.7. Gene predictions 

 Open reading frame prediction - Transdecoder 6.3.7.1.

Individual libraries for G. rostochiensis were mapped to the available genome as 
described above. Cufflinks was used on each library to generate a set of predicted 
transcripts. These were then merged using Cuffmerge to create a genome wide 
data set. Finally transdecoder was used on the Cuffmerge output to generate a best 
scoring open reading frames (ORFs) file.  

 CEGMA 6.3.7.2.

CEGMA was used to predict highly conserved Core Eukaryotic Genes (CEGs) 
present in both transcriptomes and the available genome. These predictions were 
used as a measure of quality for both genome and transcriptome assemblies. 
Default parameters were used for all CEGMA predictions.  

6.3.8. Bioinformatic comparisons 

 BLAT 6.3.8.1.

For G. rostochiensis the assembled transcriptome was compared to the assembled 
genome using BLAT, a BLAST-Like program with considerable speed increased for 
large files (Kent, 2002). The default setting of a minimum of 90% identity was used 
for all BLAT comparisons.  

 BLAST 6.3.8.2.

Typical BLAST analyses were carried out using BLAST 2.2.29+ (Boratyn et al., 
2013) either locally on custom databases or against the non-redundant server at 
http:// BLAST.ncbi.nlm.nih.gov/Blast.cgi using the relevant parameters for each job. 

Reciprocal best BLAST hits 

Reciprocal Best BLAST Hits (RBBH) were generated by creating BLAST databases 
for the two relevant data sets using the make BLASTdb command. Each data set 
was compared by BLAST to the opposing database specifying the extended tabular 
output option. The output was filtered to leave only those BLAST hits with a 
minimum identity of 70% and a minimum coverage of 50% for both query and 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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subject. Best BLAST hits were defined by Bit score not E-value as the latter varies 
as a function of query/subject length. 

Blast2GO 

Blast2GO (Conesa et al., 2005) was used to annotate the functional categories up-
regulated in each cluster. For each species, BLASTx against the non-redundant 
protein database was carried out on the up-regulated transcripts from each cluster, 
specifying xml output. The results were loaded into Blast2GO to assign Gene 
Ontology (GO) terms to each BLAST hit.  

Bacterial/plant contamination removal 

The entire transcriptome of G. rostochiensis was compared to the non-redundant 
nucleotide database using BLASTn. Transcripts were removed If the best BLAST 
hit had a nucleotide sequence identity greater than 70% across more than 70% of 
the length of the query to either a non-eukaryote or a plant, and no other nematode 
or animal sequences were identified.  

 Secreted protein pipeline 6.3.8.3.

A pipeline for extracting secreted proteins from a data set was made on Galaxy. 
The first step in the pipeline was to predict signal peptides using SignalP 4.0 
(Petersen et al., 2011), and discard any proteins without signal peptides. The 
remaining proteins were then tested for presence of transmembrane domains using 
TMHMM v2.0, and were discarded if they contained > 0 transmembrane domains.  

6.4. Results 

6.4.1. RNA extractions and quality assessment 

Two methods were used to assess the quality of RNA extracted from nematode 
samples. Firstly Nanodrop was used to estimate the quantity and presence of any 
contaminants. Figure 6-2i shows a typical output from the Nanodrop. Samples with 
absorbance ratios of 260/280 nm greater than 2 and 260/230 nm between 2 and 
2.2 were also analysed using the Bioanalyser (with the exception of sample S5). 
Figure 6-2ii shows a typical output from the Bioanalyser. Samples with an RNA 
Integrity Number (RIN) greater than 8 were considered sufficiently high quality for 
library preparation and RNA sequencing. Nanodrop and Bioanalyser results for all 
samples are summarised in Table 6-1. 
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6.4.2. RNAseq reads and quality control 

41 million paired end reads, from two replicates of G. rostochiensis J2s, were 
generated prior to this work, as part of the G. pallida genome sequencing project. 
An additional 9 libraries containing a total of 198 million paired end reads were 
generated in this project. Three replicates were generated for each of 
G. rostochiensis feeding stage, R. reniformis feeding stage and R. reniformis 
second stage juveniles. In total this represents approximately 240 million paired end 
reads containing 24.2 billion nucleotides (Table 6-2). For each library the reads 
were visualised in FastQC and the GC content, overrepresented sequences, and 
base quality were assessed. Figure 6-3 shows a typical FastQC output for GC 
content. A “shoulder” on the right hand side of the distribution for all 
G. rostochiensis feeding samples probably represents contamination from a 
bacterial/fungal species with a distinct GC content (Figure 6-3). Following 
visualisation, reads for each library were trimmed based on the quality score of 
each base. Figure 6-4 shows the read length distribution before trimming (all reads 
100 bp), and after trimming prior to either assembly (more stringent), or mapping 
(less stringent). For G. rostochiensis, approximately 100 million reads for assembly 
and 104 million reads for mapping remained after cleaning. For R. reniformis 
approximately 84 million reads for assembly and 90 million reads for mapping 
remained after cleaning. In total the cleaning removed almost one quarter of all 
reads, and reduced the average length of each read by one third. The less stringent 
approach for the mapping reads resulted in approximately 7% more reads 
remaining after cleaning. 
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Table 6-3 Summary of quality control data for RNA samples. 

Sample name 260/280 260/230 RIN 
conc. Nanodrop 

(ng/μl) 
conc. Bioanalyser 

(ng/μl) 

Quantity 

(μg) 

JJ_S1_G.rostochiensis 2.15 2.46 9.7 317 367 9.51 

JJ_S2_G.rostochiensis 1.98 2.1 9.2 52 45 2.184 

JJ_S3_G.rostochiensis 2.17 2.39 9.6 106 173 4.452 

JJ_S4_R.reniformis 2.1 2.31 9.2 94 163 3.948 

JJ_S5_R.reniformis 2.02 1.7 9.2 82 92 3.444 

JJ_S6_R.reniformis 2.14 2.04 9 110 136 4.62 

JJ_S7_R.reniformis 2.09 2.29 9.5 178 242 7.476 

JJ_S8_R.reniformis 1.98 2.31 9.7 70 85 2.94 

JJ_S9_R.reniformis 2.04 2.19 9.7 87 118 3.654 
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Figure 6-2 RNA extraction quality control. i) Typical output from Nanodrop. Absorbance ratios of 260/280 > 2 and 260/230 between 2 and 2.2 
are considered free of contaminants. ii) Typical output from bioanalyser. RNA integrity number (RIN) greater than 8 is generally considered 
high quality. 
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Table 6-4 Summary of raw and trimmed reads. 

Species file name sample alias life stage 
Pairs of 
reads 

Pairs of reads after 
Trimmomatic for 
assembly 

Total reads 
per species 
- assembly 

Pairs of reads after 
Trimmomatic for 
mapping (%increase 
from assembly) 

G. rostochiensis ERR202487 J2 ros_s-1 J2 28,593,901 23,505,755 97,207,945 24,764,630 (5%) 

G. rostochiensis ERR202479 J2 ros_s0 J2 13,394,038 11,747,598   11,894,422 (1.2%) 

G. rostochiensis 
723_LIB5154_LDI39
95_CGATGT_L008 JJ_S1_G.rostochiensis 

sedentary 
female 27,930,440 20,442,434   22,026,179 (7.7%) 

G. rostochiensis 
723_LIB5155_LDI39
96_TGACCA_L008 JJ_S2_G.rostochiensis 

sedentary 
female 14,536,453 10,728,498   11,529,099 (7.4%) 

G. rostochiensis 
723_LIB5156_LDI39
97_ACAGTG_L008 JJ_S3_G.rostochiensis 

sedentary 
female 41,207,045 30,783,660   33,036,159 (7.3%) 

R. reniformis 
723_LIB5157_LDI39
98_GCCAAT_L008 JJ_S4_R.reniformis J2 21,494,288 16,084,603 84,795,396 17,240,653 (7.2%) 

R. reniformis 
723_LIB5158_LDI39
99_CAGATC_L008 JJ_S5_R.reniformis J2 21,596,215 16,133,600   17,302,156 (7.2%) 

R. reniformis 
723_LIB5159_LDI40
00_CTTGTA_L008 JJ_S6_R.reniformis J2 15,552,692 11,470,292   12,319,441 (7.4%) 

R. reniformis 
723_LIB5160_LDI40
01_ATGTCA_L008 JJ_S7_R.reniformis 

sedentary 
female 12,480,345 9,092,531   9,764,782 (7.3%) 

R. reniformis 
723_LIB4989_LDI40
02_CCGTCC_L008 JJ_S8_R.reniformis 

sedentary 
female 23,362,097 17,285,378   18,575,173 (7.5%) 

R. reniformis 
723_LIB5161_LDI40
03_GTGAAA_L008 JJ_S9_R.reniformis 

sedentary 
female 19,998,683 14,728,992   15,800,532 (7.2%) 
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Figure 6-3 FastQC report of GC content of G. rostochiensis sedentary female 
reads identifies putative contamination. One of the sedentary female 
replicate samples for G. rostochiensis visualised in FastQC. This analysis of 
mean GC content highlighted a potential source of contamination, 
represented by a peak of higher GC content to the right of the main peak. If 
this were a bona fide feature of the transcriptome of G. rostochiensis it should 
be present in all samples.  
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Figure 6-4 Length distribution of reads following quality score trimming. Panels show sequence length distribution from FastQC of RNAseq 
reads for the same library before trimming low quality reads (i), after trimming for assembly (ii), and after trimming for mapping (iii). 
Approximately 25% of reads were discarded between steps i and ii, and approximately 7% recovered between ii and iii.  
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6.4.3. Assembled transcriptomes and quality assessment 

The process of removing duplicate reads and in silico normalisation was carried out 
prior to assembly. For both organisms two methods were used to assemble de 
novo transcriptomes and only the best was used for downstream analysis. For each 
species, all reads for all life stages were pooled prior to assembly. 

 R. reniformis - Trinity 6.4.3.1.

Assembly using Trinity generated 103,957 transcripts containing 27,749 
components with an N50 value of 1961 (components are used loosely as a proxy 
for genes). Core Eukaryotic Genes (CEGs) were predicted using CEGMA to assess 
the quality of the assembled transcriptome. Of the 458 CEGs expected to be 
present, 86% were present as full length transcripts and 96% were present as 
partial matches (partial defined as < 70% full length). We therefore make the 
assumption that the transcriptome of R. reniformis is largely complete, and the 
majority of what is present is largely full length.  

 R. reniformis – CLC 6.4.3.2.

Assembly using CLC was carried out on both the in silico normalised reads and the 
non-normalised reads. The most complete CLC assembly was generated using the 
normalised reads. This assembly contained 42,641 transcripts with an N50 value of 
898. Approximately 73% of CEGs were present although less than 50% of CEGs 
were present as full length transcripts. 

 G. rostochiensis – Trinity 6.4.3.3.

Assembly using Trinity produced 113,928 transcripts containing 22,346 
components or “genes”, with an N50 of 1617. The quality of the transcriptome for 
G. rostochiensis was evaluated in three ways. Firstly CEGMA identified 81% full 
length CEGs and 94% partial. For G. rostochiensis a high quality genome sequence 
was available, and therefore the transcriptome was compared against the genome 
assembly. The genome sequences contained more complete CEGs (93%) although 
there were 2 CEGs present in the transcriptome that were absent from the genome. 
This suggests the transcriptome has the ability to improve the quality of the genome 
assembly by 0.4%. Secondly the whole G. rostochiensis transcriptome was 
compared to the genome using BLAT. 94,047 of the 113,928 transcripts (82%) 
mapped with at least 90% id and 90% coverage. We therefore make the 
assumption that between 81% and 82% of all genes in the G. rostochiensis genome 
are present as full length transcripts in the G. rostochiensis transcriptome. 
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As a final confirmation, genes were predicted from the G. rostochiensis genome, 
and the number of genes was compared to the Trinity proxy for genes 
(components). There was remarkable similarity between the two methods, Trinity 
predicted 22,346 components from the transcriptome, and Transdecoder predicted 
22,368 genes from the genome sequence. 

 G. rostochiensis – CLC 6.4.3.4.

Assembly using CLC was carried out on both normalised and non-normalised 
reads. Like R. reniformis, the most complete G. rostochiensis CLC assembly was 
obtained from normalised reads. This contained 35,716 transcripts with an N50 
value of 858. 70% of CEGs were present as partial transcripts and only 36% were 
present as full length genes.  

Figure 6-5 shows a comparison between the assembly methods. For both species 
the Trinity assemblies produced more transcripts with a higher average length and 
higher N50 values. Trinity assemblies contained more CEGs, and more complete 
CEGs as summarised in Table 6-5. The lower N50, coupled with the CEG 
complete:partial ratio suggests CLC assemblies are less complete and transcripts 
present are more fragmented. For both species, only Trinity assemblies were used 
for all further downstream analysis.  

 Removal of contamination 6.4.3.5.

In the G. rostochiensis sedentary female samples only, a subset of sequences had 
a higher GC content than the mean (Figure 6-3). These were hypothesised to 
originate from contamination. Therefore, all assembled sequences in the Trinity 
transcriptome of G. rostochiensis were removed if they had a best BLAST hit 
against either a non-Eukaryote or any species in the plant kingdom. This removed 
139 transcripts from the G. rostochiensis transcriptome. The average GC content of 
the removed contaminants was less than expected based on Figure 6-3 (49.9%) 
compared to the rest of the G. rostochiensis transcriptome (47.1%) (Figure 6-6). 
This suggests that these reads putatively originating from contamination are largely 
underrepresented in the transcriptome assembly. Trinity has a default minimum 
transcript length of 200 base pairs, therefore suggesting that the potential 
contamination may have assembled poorly into <200 bp fragments and so was not 
present in the assembled transcriptome. This is to be expected as contamination is 
usually poorly represented. 
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Figure 6-5 Comparison of contig size between assembly methods. 
Frequency distribution for size of transcripts produced by various 
assembly programs. For both species Trinity produced more transcripts, 
of a longer average length and a higher N50 compared to CLC. 
Surprisingly. CLC on in silico normalised reads (i.e. less overall 
information) produced better quality transcriptomes than on the full data 
set. 
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Table 6-5 Transcriptome assembly quality assessment. 

Species Assembly method Full length CEGs Partial CEGs 

G. rostochiensis CLC 24% 59% 

G. rostochiensis CLC on normalised 
reads 36% 70% 

G. rostochiensis Trinity on 
normalised reads 81% 94% 

R. reniformis CLC 43% 70% 

R. reniformis CLC on normalised 
reads 50% 73% 

R. reniformis Trinity on 
normalised reads 86% 96% 

 

 

 

 

 

 

Figure 6-6 Analysis of GC content of transcripts removed from 
G. rostochiensis assembly. In total 133 of the 113,928 transcripts were 
removed. The removed transcripts had an average GC content of 49.9 %. 
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6.4.4. Gene predictions and differential expression 

 R. reniformis – within species gene cluster 6.4.4.1.
comparison 

As Trinity assembles multiple transcripts for each gene, a non-redundant set of 
transcripts was made using CD-HIT-EST. This was then used for downstream 
analysis such as BLAST and functional Gene Ontology (GO) analysis. From an 
original set of 103,957 transcripts 63,493 were non-redundant at 90% nucleotide 
similarity. 

RNA reads from each library were aligned to the assembled transcriptome. The 
RSEM package supplied with Trinity was used to estimate the number of reads 
mapping to each transcript. EdgeR was used to determine differentially expressed 
transcripts between J2 and sedentary female using a p value cut off of 0.00001. 
Differentially expressed transcripts were then identified from the non-redundant set 
for downstream analysis. Significantly differentially expressed transcripts could be 
assigned to 4 clusters based on their expression profile. This resulted in two 
clusters for each life stage. The first cluster, containing the most highly up-regulated 
sequences, contained 133 and 229 transcripts for J2 and sedentary female 
respectively. The second cluster, containing less highly up-regulated sequences, 
contained 1766 and 1440 transcripts for J2 and sedentary female respectively. In 
total 1899 transcripts were significantly up-regulated at J2 and 1669 transcripts 
were significantly up-regulated at sedentary female (Figure 6-7). This corresponded 
to 1254 and 1274 non-redundant transcripts for J2 and sedentary female 
respectively. These non-redundant sequences were used for downstream GO term 
predictions.  

Figure 6-8 shows the GO terms assigned to various cellular components for each of 
the gene clusters. Remarkable similarity can be seen in the process represented in 
each category, especially considering these genes have already been separated by 
differential expression. Comparing all genes in each expression cluster identified 
very few significantly over represented sequences. For J2 the most over 
represented genes were involved in muscle contraction and locomotion located at 
the synapse, and for the sedentary female the most over represented genes were 
involved in oogenesis and gamete generation and macro molecular complexes. 
Although no difference is seen in the number of secreted proteins, these GO graphs 
were generated after significant differential expression analysis and so the genes 
encoding secreted proteins at J2 are not the same as at sedentary female, 
indicating a different suite of secreted proteins is required for each stage.  
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Figure 6-7 R. reniformis gene expression clusters. Four clusters were generated 
that describe differentially expressed transcripts between conditions. These 
can be subdivided into ‘life stage specific’ clusters describing genes up-
regulated at J2 and genes up-regulated at sedentary female. The first for each 
life stage was the most highly up-regulated and contained 113 and 229 
transcripts for J2 (i) and sedentary female (iii) respectively. The second for 
each life stage contained the less highly up-regulated and consisted of 1766 
and 1440 for J2 (ii) and sedentary female (iv) respectively. 
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Figure 6-8 Blast2GO cellular component analysis of differentially expressed 
gene clusters for R. reniformis. Over represented cellular components 
associated with the J2 stage (i) are frequently involved in muscle contraction 
and locomotion. Although no difference in the number of secreted proteins 
(extracellular matrix) between J2 and sedentary female (ii) was seen, this 
analysis was carried out after differential expression, indicating a different 
suite of secreted proteins is important for each stage.  
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 G. rostochiensis – within species gene cluster 6.4.4.2.
comparison 

The Trinity assembly of G. rostochiensis generated over 113,928 transcripts. These 
were grouped into non-redundant sequenced using CD-HIT. This reduced the 
number of transcripts to 59,839 non-redundant at 90% nucleotide similarity. 

RNA reads from each library were mapped to the transcriptome using Bowtie2 and 
counts of mapped reads were made using RSEM. The data were initially checked 
and it appeared that one of the three samples from sedentary female nematodes 
was in very poor agreement with the other two. It was assumed this would 
drastically affect the validity of the downstream analysis and so this sample was 
removed from the mapping stage. This resulted in the use of just two samples for 
J2 and sedentary female. Although this will result in less statistical power, the use 
of a stringent p value cut-off allows confidence in the differentially expressed genes.  

Normalised read counts were then used for differential expression analysis using 
EdgeR. Using a minimum p value cut-off of 0.00001 (two orders of magnitude lower 
than the default) and a minimum of 4-fold change, resulted in a total of 2079 
differentially expressed transcripts. These were clustered based on expression 
profile into 4 clusters, two for each life stage. The first cluster, containing most 
highly up-regulated at each life stage, contained 177 and 85 transcripts for J2 and 
sedentary female respectively. The second cluster, containing less highly up-
regulated sequences, contained 875 and 942 transcripts for J2 and sedentary 
female respectively. This corresponded to 699 and 637 non-redundant transcripts 
for J2 and sedentary female respectively (Figure 6-9).  

For functional GO term analysis the full set of non-redundant up-regulated 
sequences was used. Figure 6-10 shows the GO terms assigned to various cellular 
components. Most notable significant differences between the two clusters are the 
over representation of locomotion genes located at the synapse in the J2 cluster 
and the over representation of secreted proteins in the sedentary female cluster. 
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Figure 6-9 G. rostochiensis gene expression clusters. Genes are grouped into 
four clusters, two for each life stage. The first cluster, containing the most 
highly up-regulated sequences, contained 85 and 177 transcripts for J2 (i) 
and sedentary female (iii) respectively. The second cluster, containing less 
highly up-regulated sequences, contained 875 and 942 transcripts for J2 (ii) 
and sedentary female (iv) respectively. 
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Figure 6-10 Blast2GO cellular component analysis of differentially expressed 
clusters for G. rostochiensis. A significant enrichment of genes involved in 
locomotion can be seen for the J2 gene clusters (i) by enrichment of the 
cellular components associated with the synapse. The sedentary female 
cluster (ii) has a significant increase in the number of genes associated with 
the extracellular matrix.  
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6.4.5. Comparing gene expression clusters between species 

 Putative homologs between species  6.4.5.1.

A pair wise comparison was made between genes up-regulated in the same stages 
from the two species using Reciprocal BLAST Hit (RBH) to identify putative 
homologs. Of the 1,254 and 699 sequences up-regulated in R. reniformis and 
G. rostochiensis respectively, 164 were identified as potential homologs. However, 
for the 637 and 1274 sequences up-regulated at sedentary female, for 
G. rostochiensis and R. reniformis respectively, just 57 were identified as putative 
homologs. As the initial starting numbers of genes are almost identical this 
suggests that either the juvenile stages of the two species are more similar to one 
another than the feeding stages or that the developmental stages are not perfectly 
matched between species. 

 Functional categories in gene clusters between 6.4.5.2.
species 

Comparing the Blast2GO results from R. reniformis and G. rostochiensis revealed 
several interesting differences. For both species, as expected, sequences 
associated with locomotion/neuromuscular function were over represented at the J2 
stage, which is the motile stage in both organisms. For G. rostochiensis the 
sedentary female stage had a significant up regulation of cuticle collagens. Cuticle 
collagens were also present in R. reniformis at the sedentary female sample, but 
they were not over represented as several collagens were present at J2. Similarly, 
genes involved in reproduction were significantly over represented in 
G. rostochiensis feeding stages. Conversely in R. reniformis some these functions 
were represented at the J2 stage. 

 Functional categories in secreted proteins at 6.4.5.3.
sedentary female stage between species 

A comparison was also made between the two species only using the secreted 
proteins up-regulated in the sedentary female sample. 26 GO IDs are common in 
the sedentary female secreted proteins of the two species (Figure 6-11i). The 
functional categories that are represented by these common GO IDs are shown in 
Figure 6-12. “Protein binding” is abundant in the common secreted proteins, as is 
“oxidoreductase activity”. Unsurprisingly the most common prediction for 
localisation of these secreted proteins is to the extracellular matrix (Figure 6-12). 

A comparison of the GO descriptions, as shown in Figure 6-11ii, shows that there is 
a single common description between the two species that corresponds to 
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glutathione synthetase (represented in the previous analysis as oxidoreductase), 
highlighting a potentially important and conserved function in the plant-parasite 
interaction. Several glutathione synthetase genes were identified from the 
candidate feeding tube pipeline in G. pallida (as described in Chapter 4). All 
glutathione synthetase genes were extracted from the R. reniformis and 
G. rostochiensis transcriptomes. A summary of their expression at sedentary female 
on a per component basis can be seen in Figures 6-13 and 6-14 for 
G. rostochiensis and R. reniformis respectively. All normalised expression values <1 
were set to 1 in order to give conservative estimates on fold change from non-
feeding to feeding. Expression values are expressed as a ratio of sedentary 
female:J2, therefore bars above 1 correspond to an up regulation in feeding stages 
and bars below 1 correspond to an up regulation at non-feeding stages. Bars in red 
highlight those component names for which at least one isoform is predicted to be 
secreted. For G. rostochiensis 9 of the 15 components have at least one isoform 
predicted to be secreted, for R. reniformis 20 of the 40 components contain at least 
one isoform that is predicted to be secreted.  

Moreover, a superoxide dismutase and a glutathione peroxidase were present in 
the R. reniformis sedentary female cluster (also involved in oxidoreductase activity). 
These sequences were used as BLAST queries against G. pallida and 
G. rostochiensis to identify homologs. Several sequences could be identified for 
each species, some of which encoded secreted proteins expressed during the 
feeding stages. 
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Figure 6-11 Gene ontology terms for secreted proteins at sedentary female for 
G. rostochiensis and R. reniformis. i) 26 Gene Ontology (Go) IDs are 
common between the two sets of secreted proteins. ii) If just the GO 
descriptions are used for comparison, only one is common between the two 
sets of secreted proteins. This description corresponds to a glutathione 
synthetase. 
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Figure 6-12 Blast2GO comparison between secreted proteins up-regulated at 
sedentary female for R. reniformis and G. rostochiensis. i) The cellular 
component associated with the common secreted proteins, unsurprisingly the 
most common is the extracellular matrix. ii) The molecular function associated 
with the common secreted proteins, protein binding and oxidoreductase 
activity make up the majority of functions.  
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Figure 6-13 Expression of glutathione synthetase genes in G. rostochiensis. 
Expression is displayed as fold change between average normalised non-
feeding stage compared to feeding stage on a per gene basis. All genes have 
at least one isoform predicted to be secreted. 
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Figure 6-14 Expression of glutathione synthetase genes in R. reniformis. Expression is displayed as fold change between average 
normalised non-feeding stage compared to feeding stage on a per gene basis. Red bars indicate genes that have at least one isoform 
predicted to be secreted. 
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6.4.6. Whole transcriptome comparison between 
R. reniformis and G. rostochiensis 

 BLAT 6.4.6.1.

The whole transcriptomes of R. reniformis and G. rostochiensis were compared to 
the G. rostochiensis genome using BLAT. For G. rostochiensis 94047 of the 113928 
transcripts (82%) mapped to the G. rostochiensis genome with > 90% coverage and 
> 90% identity. For R. reniformis 213 transcripts could be aligned to the 
G. rostochiensis genome with > 90% coverage and > 90% identity, and 2363 with 
70% identity and 70% coverage.  

 Reciprocal Best BLAST Hit (RBBH) analysis 6.4.6.2.

The transcriptomes of R. reniformis and G. rostochiensis were also compared by 
reciprocal best BLAST hit at the nucleotide level. This identified 2831 putative 
homologs between the two transcriptomes. The percentage identity for the putative 
homologs ranged from 70% to 100% with an average value of 76.4% (Figure 6-15). 
This analysis revealed a group of 43 highly conserved homologues that are 
between 99 and 100% identical. For R. reniformis one of these highly conserved 
genes was present in the J2 expression cluster, and seven were in the sedentary 
female expression cluster. For G. rostochiensis, none of the highly conserved 
genes could be identified from the J2 expression cluster, and 19 could be identified 
from the sedentary female expression cluster. However, these two lists were 
mutually exclusive. None of the highly conserved genes in any of the R. reniformis 
clusters corresponded to any of the highly conserved genes in any of the 
G. rostochiensis clusters. This suggests that the most highly conserved genes in 
each species are not expressed at the same time in the nematode life cycle (Figure 
6-16). Further, that the genes involved in the feeding stages for G. rostochiensis are 
present in R. reniformis at 99 – 100% identity but are not expressed at the feeding 
stages, and vice versa, which may reflect differential expression on different host 
species. 

Therefore a comparison was made to another cyst nematode, feeding on the same 
host as G. rostochiensis (G. pallida). The majority of the 19 highly conserved genes 
in the G. rostochiensis feeding cluster are present with very high similarity in 
G. pallida. Of those that are present, all but one are expressed exclusively during 
the feeding stages (Figure 6-16).  

Of the 19 highly conserved genes present in the G. rostochiensis feeding stage 
cluster, 16 have no assigned GO terms. The remaining three correspond to a 
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nematode cuticle collagen, a hydroxyacyl-coenzyme and a C-type lectin domain 
containing protein. The first two are present as GO terms in the R. reniformis 
feeding stage secreted cluster but are not part of the subset of highly conserved 
genes. Of the seven highly conserved genes present in the R. reniformis sedentary 
female cluster one represents a collagen-like protein and the other a C-lectin 
domain containing protein. These are not the direct orthologues of the similar 
sequences in the G. rostochiensis sedentary female cluster. None of the 
R. reniformis-specific feeding stages genes has corresponding homologous 
sequences in the G. pallida genome assembly, despite them being present at 
99/100% identity in G. rostochiensis.  
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Figure 6-15 Frequency distribution of percentage identity of putative 
homologs between R. reniformis and G. rostochiensis. The frequency 
distribution clearly highlights a two tailed distribution with a sub set of 43 very 
highly conserved homologs.  
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Figure 6-16 Comparison of expression between species of two example highly 
conserved homologs. i) R. reniformis and G. rostochiensis contain a very 
similar transcript (99/100% identity), yet only R. reniformis expresses it. ii) 
Conversely for a completely unrelated transcript, both R. reniformis and 
G. rostochiensis contain very similar sequences (99/100% identity), yet only 
G. rostochiensis expresses it. iii) In this case the corresponding G. pallida 
homolog is also expressed at sedentary female. 
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6.4.7. Presence of G. pallida candidate feeding structure 
genes in the R. reniformis and G. rostochiensis 
transcriptomes 

A series of candidate feeding structure genes were identified (Chapter 4) and 
characterised (Chapter 5) from G. pallida. In brief, these candidates include the 444 
gene family, the 448 gene family, 3453, and 176. The presence of these genes in 
the newly assembled G. rostochiensis and R. reniformis transcriptomes was 
evaluated using BLAST. A good quality draft genome assembly of G. rostochiensis 
was available, as well as a very poor quality draft genome assembly for H. glycines. 
Where possible both genome assemblies were used for these analyses but the 
nature of the H. glycines assembly made it very difficult to draw firm conclusions 
about the presence or absence of genes. For continuity in all phylogenetic trees 
G. pallida sequences are shown in blue, G. rostochiensis sequences are shown in 
red, R. reniformis sequences are shown in green and H. glycines sequences are 
shown in black.  

 Gene 176 6.4.7.1.

A single complete 176 gene was identified from the G. pallida genome assembly. A 
second highly similar partial copy was present slightly 3’ to the first, although it 
seemed to be missing a start codon. The single complete 176 gene was used to 
BLAST against the newly assembled R. reniformis and G. rostochiensis 
transcriptomes, and the available G. rostochiensis and H. glycines genomes. For all 
other cyst nematodes tested we were able to identify two different 176 genes, 
named A and B. However, 176 was not present in the R. reniformis transcriptome. 
The raw RNA seq reads for R. reniformis were mapped back to all 176 sequences 
from all cyst nematodes with very permissive settings but no matches were found. 
We therefore conclude that 176 appears to be cyst nematode specific. Figure 6-17 
shows a phylogenetic tree derived from an alignment of all genomic and 
cDNA/transcriptomic sequences for 176. Despite the inclusion of genomic and 
cDNA sequences in the same phylogenetic tree the sequences always group by 
species. Expression of the 176 genes from the G. rostochiensis transcriptome and 
the G. pallida genome is summarised in Figure 6-18. Expression is displayed as fold 
change on a per gene basis, where bars above 1 indicate up regulation at 
sedentary female and bars below 1 indicate up regulation at J2. In both species of 
PCN gene 176 was highly up-regulated in feeding stage nematodes. 
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 Gene 3453 6.4.7.2.

A single 3453 gene was present in the latest version of the G. pallida genome 
assembly. It was clear that the assembly software had difficulty with genomic 
regions containing this class of sequences. In previous versions of the G. pallida 
genome assembly there were either two similar sequences present or it was 
absent. 3453-like sequences were identifiable in both R. reniformis and 
G. rostochiensis transcriptome assemblies. Interestingly the Trinity assemblies for 
both R. reniformis and G. rostochiensis generated multiple components. In an 
alignment of all 3453-like sequences they did not group by species, but instead by 
component. It appears there is a second copy that is absent from the current 
G. pallida genome or transcriptome assemblies (Figure 6-19). 

Figure 6-20 summarises the expression of the 3453 genes across species on a per 
gene basis. Although 3453 is present in R. reniformis, and is very similar to the 
G. pallida and G. rostochiensis sequences, it is slightly up-regulated in juveniles in 
R. reniformis whereas the PCN sequences are highly up-regulated at feeding 
stages.  
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Figure 6-17 Phylogenetic tree of 176 genes in cyst nematodes. Phylogenetic tree was based on DNA sequence and 
generated using a maximum likelihood model with 100 bootstraps (shown as node labels). 176 genes group by 
species as opposed to isoform. 176-like sequences are not present in the R. reniformis transcriptome assembly. 
Scale bar indicates expected substitutions per base. 
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Figure 6-18 Comparison of expression of 176-like sequences in G. rostochiensis and 
G. pallida. Gene expression is displayed as fold-change between feeding and non-
feeding stages. 176 genes are 17-fold up-regulated at feeding compared to non-feeding 
stages in G. rostochiensis (red) and 58-fold in G. pallida (blue). 
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Figure 6-19 Phylogenetic tree of 3453 genes in cyst and reniform nematodes. Phylogenetic tree was based on 
DNA sequence and generated using a maximum likelihood model with 100 bootstraps (shown as node 
labels). 3453 genes group by sequence subgroup as opposed to species. Scale bar indicates expected 
substitutions per base. 
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Figure 6-20 Comparison of expression of 3453-like genes in G. rostochiensis, 
R. reniformis and G. pallida. Gene expression is displayed as fold change 
for feeding to non-feeding stages. 3453 transcripts are 3.5-fold up-regulated 
at J2 for R. reniformis (green), but 4300 and 360 fold up-regulated at 
sedentary female for G. rostochiensis (red) and G. pallida (blue).  
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 444 gene family 6.4.7.3.

As described in detail in Chapters 4 and 5, 444 genes are part of a complex multi-
gene family. For BLAST analysis a single representative from each of the three 
subfamilies A, B and C was used. As described in section 5.3.5.7 several 444-like 
sequences were identified from G. rostochiensis genomic DNA by PCR. It was 
therefore expected to be present in the transcriptome. We were able to identify 
members of subfamilies A, B and C in the G. rostochiensis transcriptome. However, 
they were all grouped under the same component, as different isoforms, despite 
them locating to the individual groups of the phylogenetic tree (Figure 6-21). Only 
subfamilies A- and B- like sequences were present in the R. reniformis 
transcriptome (Figure 6-21).  

The 444 family appears to have very high conservation at the protein level, even 
outside the cyst nematodes. A protein alignment of an R. reniformis subfamily B 
sequence and the corresponding G. pallida and G. rostochiensis sequences shows 
over 93% conservation across the full length of the protein (Figure 6-22). Sequence 
diversity is much higher in the introns between G. pallida and G. rostochiensis (no 
intron sequences are available for R. reniformis). 

Expression of the 444-like sequences present in the various genomes and 
transcriptomes is summarised in Figure 6-23. Although we have identified over 80 
unique genomic sequences from G. pallida only three are present across all 
genome assembly versions. Despite the remarkable conservation of the 
R. reniformis 444 genes these sequences are not up-regulated at sedentary female 
in the manner observed for the similar sequences in both G. pallida and 
G. rostochiensis (Figure 6-23).  
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Figure 6-21 Phylogenetic analysis of all 444 sequences from G. pallida, 
G. rostochiensis, R. reniformis and H. glycines. Maximum likelihood tree of 
DNA sequences with 100 boot straps. Members of all subfamilies are present 
for G. rostochiensis, and member of just subfamilies A and B are present for 
R. reniformis. 
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Figure 6-22 Protein alignment of 444-B like sequences from G. pallida, 
G. rostochiensis and R reniformis. Considerable conservation can be seen 
across the full length of the protein between the three species.  

 

 

Figure 6-23 Comparison of expression of 444 genes in G. rostochiensis, 
R. reniformis and G. pallida. Expression fold change between feeding and 
non-feeding stages is shown on a per gene basis. Despite over 93 % amino 
acid conservation, R. reniformis appears to have a different expression pattern 
for 444-like sequences compared to G. pallida and G. rostochiensis.  
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 Candidate 444 diversity in G. rostochiensis 6.4.7.4.

Due to the nature of 444 genes, and the unusual non-canonical apparent splicing 
observed, the variability of 444 genes present in G. rostochiensis was assessed by 
PCR. The subfamily specific G. pallida 444 primers were used to amplify related 
sequences from G. rostochiensis genomic DNA. (Figure 6-24). Amplification was 
possible from G. rostochiensis using these primers, although considerably fewer 
amplicons were identified compared to PCR on G. pallida DNA. Cloning and 
subsequent sequencing of the G. rostochiensis PCR products confirmed they were 
444-like sequences. Although it is challenging to directly compare similarity for most 
subfamilies, subfamily B was considerably longer than a typical subfamily B 
member from G. pallida. The subsequent sequencing identified this difference in 
length is primarily contained within the intron sequences.  
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Figure 6-24 Comparison of candidate 444 genes in G. pallida and 
G. rostochiensis. Gel electrophoresis of PCR products generated by using 
444 primers, designed to amplify all subfamilies. Considerably more 
amplicons are obtained from G. pallida compared to G. rostochiensis. 
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 448 gene family 6.4.7.5.

In G. pallida the 448 gene family is complex. The genome sequence contained at 
least 28 full length genes that encoded putative secreted proteins. The full list of 
G. pallida 448 proteins was used as a BLAST query against the R. reniformis and 
G. rostochiensis transcriptomes. Members of the 448 family were identifiable in both 
species. Figure 6-25 shows a phylogenetic tree derived from an alignment of the 
extracted protein sequences. These sequences clearly group into two distinct 
clades (i and ii). Clade i contains mostly R. reniformis and G. rostochiensis 
sequences and Clade ii contains mostly G. pallida sequences.  

As discussed in Chapter 4, the 448 gene family in G. pallida contained a very highly 
conserved PCCP domain present in almost all of the sequences. The presence of 
this motif was analysed in all G. rostochiensis and R. reniformis sequences. No 
R. reniformis sequences contained the PCCP motif although the R. reniformis 
sequences in Clade ii did contain a slightly different motif of L/V CC K in the same 
position in the sequence. The R. reniformis sequences in Clade i did not. All 
G. rostochiensis sequences in the Clade ii do contain either a PCCP motif or a 
variation that includes a double cysteine. Analysis of the expression patterns of the 
448 genes in R. reniformis and both PCN species showed in general 448-like 
sequences are up-regulated during the sedentary stages of the life cycle when 
compared to the non-sedentary (Figure 6-26). 
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Figure 6-25 Phylogenetic tree of 448 proteins in G. pallida, G. rostochiensis and R. reniformis. The phylogenetic tree can be broadly 
split into two clades. Clade i contains mostly R. reniformis and G. rostochiensis sequences and typically does not contain the PCCP 
motif (although the G. pallida sequence does). All other full length sequences from any species in the rest of the tree contain the PCCP 
motif or similar XCCX. Scale bar indicates expected substitutions per base.  
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Figure 6-26 Comparison of 448 gene expression in G. rostochiensis, R. reniformis and G. pallida. Expression is displayed as fold 
change for feeding to non-feeding stages on a per gene basis. G. rostochiensis (red), R. reniformis (green) and G. pallida (blue) all 
have roughly the same expression patterns for 448s, the majority of which are up-regulated at sedentary female compared to J2.  
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6.4.8. Putative feeding tube components 

The pipeline used to predict putative feeding tube components from G. pallida 
(Chapter 4) was used on the non-redundant significantly up-regulated clusters from 
G. rostochiensis and R. reniformis. Not all of the non-redundant sequences 
contained full length transcripts required for secreted protein prediction. 
Transdecoder was used to predict the best scoring Open Reading Frames (ORFs) 
from the non-redundant sequences up-regulated at sedentary female, and only 
those that were complete at the 5’ end (i.e. contained a potential start codon) were 
used for secreted protein prediction. This set included sequences that may have 
been incomplete at the 3’ end. This resulted in 438 complete transcripts and 119 3’ 
partials for R. reniformis and 301 complete transcripts and 117 3’ partials for 
G. rostochiensis.  

 Rotylenchulus reniformis 6.4.8.1.

238 of this initial set of 557 sequences had predicted signal peptides and 157 of 
these had no predicted transmembrane domains. This corresponded to 181 
isoforms as identified by Trinity. These 181 isoforms were then compared to the 
non-redundant protein database. Of the 181 secreted isoforms, 85 identified no 
significantly similar sequences in the non-redundant protein database (p<0.0001), 
or the previously identified candidates from G. pallida identified in Chapter 4, by 
BLASTp. This corresponded to 77 new candidate genes for further analysis.  

 Globodera rostochiensis  6.4.8.2.

179 of the initial set of sequences had predicted signal peptides, and 103 of these 
had no predicted transmembrane domains. This corresponded to 151 isoforms as 
defined by Trinity. Of the 151 secreted isoforms 22 identified no significantly similar 
sequences in the non-redundant protein database (p<0.0001), or the previously 
identified candidates from G. pallida identified in Chapter 4, by BLASTp. This 
corresponded to 19 unique genes for further analysis.  
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6.5. Discussion 

6.5.1. Transcriptome assembly and differential expression 

The advent of next generation sequencing, in particular RNA sequencing, has 
provided new approaches that can be used to address many questions in biology 
(Wang et al., 2009). The ability to simultaneously detect and quantify all transcribed 
genes in a sample at any given time is enormously powerful and has revolutionised 
many aspects of biological sciences.  

Next Generation Sequencing (NGS) and RNAseq are very young disciplines. 
Several methods have been described to generate, assemble, and characterise 
RNAseq data with no single approach currently used as the agreed standard in the 
field. To further complicate matters, there are many different software packages 
available for each step in the bioinformatics pipeline (Zerbino and Birney, 2008, 
Grabherr et al., 2011). For this study Illumina sequencing was chosen. Illumina 
sequencing produces very high sequence depths of 100 base-pair paired-end 
reads. As a result, Illumina platforms produce very high redundancy (Rodland, 
2013), and the data were therefore in silico normalised prior to assembly. Two 
assembly methods were tested; Trinity and CLC bio. Interestingly, although both 
CLC assemblies were less complete than the Trinity assembly (Table 6-5), the 
more complete of the two CLC assemblies was made using the normalised read 
set. This read set has approximately 90% fewer reads than the non-in silico 
normalised read set, and contains slightly less information. This suggests that the 
noise present with high sequencing depths is detrimental to the assembly process 
for de Bruijn graph assemblers. This was true for both species sequenced (Table 6-
5).  

 Limitations of Trinity assembly 6.5.1.1.

Due to the lack of context when performing de novo transcriptome assemblies of 
short reads, two broad assumptions have to be made. Two very similar genes can 
be wrongly assumed to be isoforms of the same gene and, conversely, two very 
different isoforms can be wrongly assumed to be two separate genes. For this 
reason Trinity does not assign the term “gene” to transcripts, it does however group 
transcripts into “components” which is a loose proxy for genes using the two above 
assumptions, with each component potentially having multiple “isoforms”. This 
grouping of different genes under the same component is clearly the case for the 
G. rostochiensis 444-like sequences. Similarly, due to sequencing errors, and non-
canonical splicing events discussed in Chapter 4, some “isoforms” may simply be 
artefacts. As a result, small sequence differences between isoforms were removed 
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at 90% nucleotide identity, and all remaining isoforms were treated independently 
and the term “gene” was used tentatively. 

Assembly of short (100 bp) reads can also produce chimeric transcripts that are 
either the product of two separate genes (multi-chimeras) or incorrect assembly of 
the same gene (self-chimeras). Of available assembly methods, Trinity produces 
one of the lowest chimera and redundancy rates (Yang and Smith, 2013). When we 
compare the number of “components” produced by the G. rostochiensis 
transcriptome assembly, and the number of genes predicted from the 
G. rostochiensis genome assembly, the numbers are remarkably similar, giving 
some confidence in the term “component” being used as a proxy for “genes”. 
Although no genome assembly is available for R. reniformis, the transcriptome 
assembly produced roughly the same number of “components” as for 
G. rostochiensis, which might be expected for a closely related organism.  

 Normalisation and differential expression 6.5.1.2.

Although it was initially suggested that RNAseq experiments do not require 
sophisticated normalisation procedures, it is in practice extremely important as raw 
reads counts are often not comparable between samples (Wang et al., 2009). 
Multiple biological replicates were sequenced for each life stage of each organism. 
Differential expression requires the direct comparison between samples, both within 
and between life stages. However, each sample will sequence differently producing 
different numbers of total reads. Normalisation is therefore a critical part of the 
process to ensure that gene counts can be compared between biological replicates 
(Soneson and Delorenzi, 2013, Dillies et al., 2013, Rapaport et al., 2013). Again 
there are several methods for normalisation. RPKM (Reads Per Kilobase per Million 
reads) was until recently the method of choice as it accounts for gene length, which 
is correlated with number of reads. This has on a number of occasions been shown 
to be inaccurate (Oshlack and Wakefield, 2009, Dillies et al., 2013, Wagner et al., 
2012). TMM normalisation (Trimmed Mean of M-values) is currently considered to 
be one of the best performing normalisation methods available (Dillies et al., 2013) 
and is included with the EdgeR package used here. 

Unsurprisingly, several methods exist for analysing differential expression of 
normalised read counts, some of which have been created specifically for RNAseq 
experiments (Anders and Huber, 2010, Robinson et al., 2010, Trapnell et al., 2013) 
and others that have been adapted from microarray experiments (Hardcastle and 
Kelly, 2010). Interestingly, those adapted from microarray experiments perform 
comparably to those specifically designed for RNAseq (Rapaport et al., 2013). 
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Several reviews of available software packages and methodology have not 
identified a clearly superior package, but have identified limitations of particular 
packages. For example, Cuffdiff produces many false positives when tested on 
technical replicates, in particular for low expressed transcripts where noise is more 
of a factor (Rapaport et al., 2013). Unsurprisingly, number of replicates and 
sequencing depth are both important factors in differential expression analysis. 
However, It has been noted that for most methods (including EdgeR used here) 
over 90% of highly expressed differentially expressed genes are reliably detected 
with as few as 2 replicates and just 5% of total reads (Rapaport et al., 2013), giving 
confidence in the G. rostochiensis data.  

6.5.2. Contamination removal and Horizontal gene transfer 
(HGT) 

Contigs originating from putative contamination were removed by selecting all 
contigs that only had significant BLAST hits to anything plant or non-metazoan. 
Genes acquired by horizontal gene transfer (HGT) have been discussed for plant 
parasitic nematodes on numerous occasions (reviewed in (Haegeman et al., 2011) 
(Danchin et al., 2010)). In both the G. rostochiensis and R. reniformis 
transcriptomes several putative HGT genes were identified from the J2 gene 
expression cluster. Important to note is that the protocol used for removing contigs 
that are likely to be derived from contamination may also remove HGT events that 
should not be removed. It is however likely that previously described HGT genes 
are now more closely related to other nematodes than the bacteria or fungi they 
originated from. More work needs to be carried out to determine if these are 
functional proteins secreted by the nematode.  

6.5.3. Between species functional annotation comparison 

By assigning functional categories to genes expressed at different life stages, we 
are able to make links between gene sequence and biology. As described in the 
introduction, the life cycles of the cyst nematodes and the reniform nematodes are 
different. G. rostochiensis enters the root as a juvenile, initiates its feeding site, 
where it undergoes moults and develops into either male or female depending on 
host cues (Sobczak and Golinowski, 2011). In contrast, R. reniformis undergoes its 
moults in the soil without feeding, and enters the root as an adult female (Robinson 
et al., 1998). For both species to carry out these moults re-modelling of the collagen 
based cuticle is required. For G. rostochiensis gene expression of the cuticle 
collagens was over represented in the sedentary female sample whereas in 
R. reniformis this was not the case as some are expressed during the J2 stage. A 
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similar pattern was also observed with genes involved in reproduction and sex 
determination, which may reflect the differing biology of these two species. 
Unsurprisingly, both species had over representation of genes involved in 
locomotion in the Juvenile stages compared to the sedentary stages. However, the 
only common Gene Ontology (GO) term between the two feeding stage samples 
was oxidoreductase activity (discussed in detail below).  

Some of these differences may reflect the considerably faster life cycle of 
R. reniformis compared to G. rostochiensis. R. reniformis can complete its life cycle 
from egg to egg in 9 days, making matching of the two species life cycles difficult.  

6.5.4. Oxidoreductase activity 

When comparing the functions assigned to the up-regulated genes at the sedentary 
stage between species, a single common term was identified corresponding to 
oxidoreductase. When explored in more detail it appeared that there were several 
genes present in both species that carry out this function; glutathione synthetase, 
glutathione peroxidase, and superoxide dismutase. The majority of these genes 
were present in the sedentary gene expression clusters, suggesting a role during 
parasitism. Indeed, as mentioned in Chapter 4, several glutathione synthetases 
were identified as being significantly up-regulated in the G. pallida feeding stages. 
This implies an underlying function shared both within and outside the cyst 
nematodes.  

Glutathione peroxidase expression has been demonstrated in the hypodermis of 
G. rostochiensis where it presumably acts to detoxify plant derived reactive oxygen 
species, a typical plant defence response (Haegeman et al., 2012). Glutathione 
synthetases have been linked to preservation of the host-symbiont interaction in the 
endosymbiont Rhizobium tropici (Muglia et al., 2008). The plant triggers 
senescence of the root nodule after a number of days, which is proposed to be 
controlled, at least in part, by an oxidative burst. This burst is significantly reduced 
by the symbiont, as a result of secreted glutathione. This highlights a potentially 
interesting insight into symbiotic evolution but also provides a potential role for the 
nematode derived glutathione synthetases in the host, as opposed to simply 
detoxifying plant defence compounds.  

In general, nematodes such as C. elegans contain only a single glutathione 
synthetase gene. The plant-parasitic nematode species described here contain 
between 10-20 times more than this. In addition, the vast majority of these 
nematode derived glutathione synthetase genes identified contain a secretion 
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signal. No information is available about the spatial expression of the nematode 
derived glutathione synthetase genes. However, if they were simply present to 
detoxify reactive oxygen species consumed by the nematode, the enzyme its self 
would not be secreted to the gut, but rather the product; glutathione. It is therefore 
possible that glutathione synthetase genes are secreted into, and function within, 
the host. The effect of redox potential on gene expression has been demonstrated 
in a range of organisms including animals (Kunsch and Medford, 1999) and plants 
(Luis Garcia-Gimenez et al., 2013). Although the details are not fully understood, 
eukaryotic cells require glutathione to survive and cancer cells have extremely high 
levels of this compounds while stem cells require low levels to retain pluripotency 
(Luis Garcia-Gimenez et al., 2013). These data suggest that glutathione plays a key 
role in global gene expression changes. Similarly, tracking glutathione levels in the 
host during infection could provide interesting insights into their potential role in 
feeding site formation/maintainance. Finally, a set of transcription factors 
differentially expressed in response to different glutathione concentrations have 
been identified in root meristems (Luis Garcia-Gimenez et al., 2013). It would be 
interesting to examine expression of these transcription factors in the nematode 
feeding sites.  

6.5.5. G. pallida candidate feeding structure genes in 
G. rostochiensis and R. reniformis. 

The rationale for generating the transcriptome data described in this Chapter was to 
identify the “candidate feeding structure genes” from G. pallida in other related plant 
parasitic nematodes. All candidate genes characterised in Chapter 5 were present 
in G. rostochiensis, lending weight to the idea that these proteins have a conserved 
role. Surprisingly, despite the fact that R. reniformis is not a cyst nematode, it 
contained members of the 444 gene family, the 448 gene family and the 3453 gene 
family, all with remarkable sequence conservation.  

 448 gene family 6.5.5.1.

The 448 gene family in G. pallida has a highly conserved domain at the N terminal 
end of the mature protein, as discussed in Chapter 4. It is possible that the two 
cysteines present in this conserved domain may play an important structural role. A 
subgroup of 448-like sequences was identified, consisting mainly of sequences 
from G. rostochiensis and R. reniformis, that lack the PCCP motif. These may have 
a different structure/role. Similar to G. pallida, the majority of 448s in 
G. rostochiensis and R. reniformis are up-regulated during the sedentary stage of 
the life cycle, again suggesting a conserved function. However in situ hybridisation 
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needs to be carried out to confirm that the spatial expression patterns of 448-like 
sequences in R. reniformis and G. rostochiensis are consistent with the dorsal gland 
staining pattern observed with G. pallida. 448s were originally identified from an H. 
glycines gland cell library (Gao et al., 2003), where gland cell expression has been 
confirmed, suggesting a highly conserved role in parasitism.  

 176 genes 6.5.5.2.

No 176-like sequences were identified in the R. reniformis transcriptome by 
BLASTp. Due to the incompleteness of the R. reniformis assembly that was 
generated from only two life stages, we cannot be confident that the 176 gene 
family is absent in this nematode. However, the raw reads for R. reniformis were 
mapped back to all cloned 176 sequences from all species, with very permissive 
settings, and not a single read successfully mapped. This suggests that 176 genes 
are at most, cyst nematode specific.  

 444 gene family 6.5.5.3.

Our analysis has shown that 444 genes are present in all cyst nematode species 
sampled and are also present in the closely related reniform nematode 
R. reniformis. Given the phylogenetic proximity of the reniform nematodes to the 
cyst nematodes (van Megen et al., 2009), and the similarities in the feeding sites 
that they induce (Jones et al., 2013), it could be speculated that 444 genes share a 
similar function in both groups. However, of the three transcripts corresponding to 
444 genes in R. reniformis, two have very low expression and the third is slightly 
up-regulated at the juvenile stage. This is in direct contrast to the >1,000 fold up-
regulation during feeding stages of the cyst nematodes. 

Despite the presence of just three 444 sequences in the current G. pallida genome 
assembly, over 80 unique sequences were identified by conventional cloning 
(Chapter 4). Similarly for G. rostochiensis, several 444 sequences were identified 
by PCR (section 5.3.5.7), while just three are present in the assembled 
transcriptome (all grouped under a single component). Since no conventional PCR 
experiments have been undertaken using R. reniformis it is not possible to draw any 
conclusions about the number of 444 genes present from the transcriptome 
assembly alone. The absence of the full gene family in the G. pallida genome 
assembly and G. rostochiensis transcriptome assembly again highlights a limitation 
of sequencing and assembly of short reads. All 444 sequences, irrespective of 
subfamily, share stretches of 410 and 94 nucleotides with >90% identity at the 5’ 
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and 3’ ends respectively which may underlie the difficulty in assembling 444 
sequences in both species included here. 

6.5.6. Putative orthologs between R. reniformis and 
G. rostochiensis 

Whole transcriptome Reciprocal Best BLAST Hit (RBBH) analysis identified a 
number of putative orthologs between G. rostochiensis and R. reniformis. When the 
similarity distribution of these putative orthologs was examined, it was clear there 
was a subset of very highly conserved genes present in the two species (Figure 6-
15). 43 genes were identified as being between 99 and 100% similar between the 
two species at nucleotide level. 19 of these 43 were present in the G. rostochiensis 
feeding stage cluster, the vast majority of which had no assigned gene ontology 
terms.  

 Proposed functions of super-conserved orthologs 6.5.6.1.

It is difficult to assign functions to genes without downstream analysis, particularly 
when no gene ontology terms are associated with the gene of interest. Of the highly 
conserved orthologs expressed during the parasitic stages of G. rostochiensis, 
three have characterised domains, the first of which corresponds to a C-type lectin. 
C-type lectins have many different functions, and are broadly characterised for their 
role in protein-protein interactions. It is also suggested that they play roles in both 
animal (Loukas et al., 1999) and, more recently, plant-parasitic (Ganji et al., 2014) 
nematode infections although due to the variable nature of C-type lectins these 
roles are likely to be quite different. Further analysis of their role in parasitism, 
potentially using yeast-two-hybrid, will be required to elucidate their function. 

The second of the annotated highly conserved orthologues expressed at feeding 
stages is a collagen. This is presumably involved in cuticle re-modelling as the 
feeding females grow. The final annotated super-conserved ortholog is a 
hydroxyacyl-coenzyme. These play a role in fatty acid elongation/metabolism. The 
role of these proteins in plant parasitic nematodes is not clear, although they may 
be important for processing of food taken up by the nematodes. The remaining 
genes that are highly conserved between the two plant parasitic nematode groups 
and that are up-regulated during infection are novel proteins. Blast2GO is an 
inadequate tool for characterising these genes, as very few (three) of the 19 highly 
conserved orthologs have assigned GO terms. The fact that most of these genes 
are “novel” is a reflection of how little is known about the biology of plant parasitic 
nematodes. 
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Interestingly, the 19 super-conserved orthologs that are present in the 
G. rostochiensis feeding stage cluster are not present in either the feeding or non-
feeding stage cluster of R. reniformis. In the case of these orthologs R. reniformis 
has almost exactly the same genes present, and yet does not express them at the 
same time. The host for R. reniformis for this experiment was cotton (cv. Δpine90), 
and the host for G. rostochiensis for this experiment was potato (cv. Desiree). It is 
possible that the differences in expression of the gene family members reflect these 
differences in the host. The majority of these 19 highly conserved orthologs, were 
also identifiable in G. pallida and are also up-regulated during the feeding stages. 
The host for G. pallida in this experiment was also potato (cv. Desiree). In each 
case, the two nematodes feeding on potato (G. pallida and G. rostochiensis) 
express the same orthologues during feeding stages and the nematode on cotton 
(R. reniformis) does not. As discussed the host range of R. reniformis is broad 
(Robinson et al., 1998) covering > 300 species, including potato (Linford and Yap, 
1940). More work will be required to determine if putative host specific genes are 
up-regulated during feeding stages of R. reniformis on potato. Precedent has been 
demonstrated for highly specific pathogen gene expression with tissue specific 
effectors of Ustilago maydis (Skibbe et al., 2010) and, more recently, the host 
specific effectors of Zymoseptoria tritici (Kellner et al., 2014). 
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Summary 

• De novo transcriptomes of two species of plant-parasitic nematode 
(G. rostochiensis and R. reniformis) have been sequenced and assembled 
 

• The quality and completeness of the assemblies has been assessed 
 

• Whole transcriptome comparisons between and within species have been 
performed 
 

• The candidate feeding structure genes from Chapter 4 have been identified in 
these new resources to determine the evolutionary history of the gene families. 
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7. General discussion  

There were two main aims to the work described; to characterise the molecular 
sieving capabilities of the feeding tube and to use the newly available genomic 
resources for G. pallida to identify genes encoding components of the feeding tube 
and/or feeding plug. These structures play key roles in the plant-nematode 
interaction and are potentially viable targets for novel control strategies. 

7.1. Feeding tube size exclusion 

The capacity of feeding tubes to selectively exclude macromolecules based on size 

is well supported and has been reported on numerous occasions (Urwin et al., 

1997b, McCarter et al., 2010, Valentine et al., 2007, Goverse et al., 1998, 

Bockenhoff and Grundler, 1994). Here, the size exclusion limit was defined using a 

pragmatic measurement of protein size in silico. Although it is clear that feeding 

tubes behave as molecular sieves, their biological function remains uncertain. 

Feeding tubes are present in both cyst and root-knot nematodes. Sedentary 

endoparasitism is hypothesised to have evolved independently in these two groups 

(van Megen et al., 2009). Feeding tubes are not reported in the most closely related 

migratory endoparasitic species and are also therefore likely to have evolved 

independently. This may explain the differences in feeding tube morphology and 

size exclusion limit between cyst and root-knot nematodes (Figure 1-3). The 

absence of feeding tubes from migratory endoparasitic species also implies that 

feeding tubes have a biological function related to the sustained biotrophic 

interactions of root-knot and cyst nematodes with their hosts. It has been 

hypothesised that the feeding tube prevents uptake of large 

macromolecules/organelles which could cause total or partial blockage of the stylet 

(Razak and Evans, 1976). However, this is unlikely to be the case as migratory 

endoparasitic nematodes within the same phylogenetic clade feed with similar 

stylets but without feeding tubes, and ingest host cell cytoplasm with no apparent 

difficulty. 

Selective uptake of certain proteins could have obvious benefits for nematodes, 

particularly if nematicidal molecules could be specifically excluded by a feeding 

tube. However, although some large proteins (such as the Bacillus thuringiensis 

crystal protein) are toxic to nematodes and show differential uptake by cyst and 

root-knot nematodes (Li et al., 2007) it is not generally the case that larger 



- 234 - 

molecules exclusively possess nematicidal activity. It is therefore unlikely that 

exclusion of certain macromolecules is the primary or sole function of feeding 

tubes.  

Cyst and root-knot nematodes that have induced a feeding site do not have the 

ability to move and are unable to induce further feeding sites. It is therefore 

necessary for the nematode to maintain the integrity and efficacy of the feeding site 

throughout its feeding stages. Feeding sites, and in particular syncytia, are under 

high pressure. Syncytial cells appear to be at a higher pressure (5000 – 7000 hPa 

more) than surrounding cells (Grundler and Böckenhoff, 1997, Bockenhoff and 

Grundler, 1994). Insertion of a stylet alone into the feeding site across the plasma 

membrane would be likely to compromise the syncytium. Feeding tubes may 

therefore act as a way for the nematode to withdraw host cell assimilate without 

disrupting the integrity of the feeding site. 

Hydraulic resistance of a filter is determined by the properties of the filter and the 

viscosity of the fluid moving across it (Jensen et al., 2014). For a given pressure 

and viscosity, fluid will travel more slowly through several small pores (filter), than 

through a single large pore of the same total area (Jensen et al., 2014). The 

biological relevance of this principle has already been demonstrated in plants. 

Phloem sieve plates, and their hydraulic resistance, have been shown to limit flow 

rate of sap after external attack from animals (Jensen et al., 2012). In the context of 

plant-parasitic nematodes, withdrawal of host cell assimilate from a pressurised 

feeding site through a feeding tube, rather than through the stylet alone, will reduce 

flow rate and may prevent the feeding site from collapsing.  

Root-knot nematode feeding tubes allow uptake of larger macromolecules than cyst 

nematode feeding tubes presumably as a result of their different pore size, as 

suggested by electron microscopy studies (Figure 1-3, Page 12). Minor 

modifications in pore size of a filter can have a large impact on hydraulic resistance 

(Jensen et al., 2014). This suggests that the flow rate of solutes through feeding 

tubes of root-knot nematodes will be less restricted than across cyst nematode 

feeding tubes. This may be explained by the differences in feeding sites of root-knot 

and cyst nematodes. Root-knot nematodes feed from several individual giant cells 

whereas cyst nematodes feed from a single large syncytium. No studies exist that 

describe the turgor pressure of giant cells. However, the proposed hydraulic 

resistance hypothesis, coupled with the less restrictive feeding tubes of root-knot 

nematodes, suggest that giant cells are likely to be under considerably less turgor 
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pressure than syncytia. In addition, it has been noted that giant cell walls are 

approximately twice as thick as those of syncytia in Arabidopsis and so are perhaps 

less flexible/elastic. Moreover, the composition of syncytial cells walls suggests that 

they are particularly flexible (Davies et al., 2012). Cell wall elasticity may therefore 

explain the differences in apparent pressure.  

As described in Chapter 6, some reniform nematodes also induce and feed from a 
single large syncytium (Agudelo et al., 2005, Rebois et al., 1975). The feeding 
tubes of these reniform nematodes are morphologically similar to those of the cyst 
nematodes (Rahman Razak and Evans, 1976, Rebois, 1980), further supporting the 
proposed hydraulic resistance hypothesis. Sieving characteristics and size 
exclusion limits have not yet been defined for reniform nematodes, although the 
hypothesis proposed above predicts that these characteristics will be similar to 
those of the cyst nematodes. Interestingly, despite the apparent phylogenetic 
proximity of the false-root knot nematode Nacobbus aberrans to the root knot 
nematodes (van Megen et al., 2009, Eves-van den Akker et al., 2014a), it too 
induces and feeds from a single large syncytium. Although feeding tubes have not 
been described for N. aberrans (Jones and Payne, 1977), it could be predicted that 
it too would require feeding tubes similar to those of the cyst and reniform 
nematodes. In addition, a feeding tube has been described for 
Rotylenchulus macrodoratus, at the stylet orifice inside the uninucleate giant cell it 
produces (Cohn and Mordechai, 1977). Although ultrastructural studies are 
reported, there are no images of the feeding tube. It would be interesting to 
determine whether the structure and functional sieving capabilities of the R. 
macrodoratus feeding tubes reflect its phylogenetic position (i.e. similar to 
R. reniformis/cyst nematodes) or its feeding site (i.e. similar to giant cells of root-
knot nematodes). No intracellular feeding tubes have been described for migratory 
endoparasites within Clade 12 (Pratylenchus and Radopholus species.), or any 
plant parasites outside of Clade 12. Indeed, the hydraulic resistance function of 
feeding tubes would not be required by these species and would, most probably, be 
detrimental, as they ingest entire host cell contents.  

The only other feeding tubes described are those of the Clade 1 plant-parasite 
T. similis, although these appear to be functionally distinct from the Clade 12 
feeding tubes (Section 1.4.7). They comprise an open-ended tube that forms 
around the onchiostyle during insertion through host cell walls. During feeding, 
entire cell contents are withdrawn down this feeding tube through the opening in the 
distal end. Therefore, the feeding tubes of T. similis do not act as molecular sieves.  
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7.2. Feeding tube and feeding plug candidate genes 

Several feeding tube and feeding plug candidates were identified from the genome 

sequence of the cyst nematode G. pallida based on predictions about the 

characteristics of a feeding structure gene. Subsequent analysis of the molecular 

characteristics and phylogenetic distribution was used to elucidate function. 

Although numerous candidate genes have been identified, it is still unclear whether 

or not a feeding tube or feeding plug gene has been identified. In vivo observations 

on the timing of feeding tube formation and the release of secretory granules 

suggest that feeding tube components originate from the pharyngeal gland cells, 

although no direct evidence in support of this has been provided (Grundler and 

Böckenhoff, 1997). One of the candidates described here, the 448 gene family, is 

expressed in the dorsal gland cell during infection and the phylogenetic distribution 

of 448-like genes correlates well with feeding tube morphology (i.e. present in 

cyst/reniform nematodes and absent in root-knot nematodes). However, numerous 

genes that do not encode components of the feeding tube could also satisfy these 

criteria; significantly more work will need to be carried out to determine function. 

Future work in this area could include immunolocalisation of the 448 proteins in the 

host using the antibodies that have already been produced.  

Two candidates (444 and 176) were identified as being expressed in the amphid 

sheath cells; secretion of the former from the amphids into the apoplasm was 

confirmed by immunolocalisation. Although it has been suggested that cyst 

nematode feeding plugs may originate from the amphid canal (Endo, 1978) the 444 

protein extends further in the apoplasm than indicated by electron micrographs for 

feeding plugs (Endo, 1978). In addition, the phylogenetic distribution of the 444 

genes does not correlate well with the distribution of feeding plugs. The feeding 

pegs/plugs of R. reniformis are difficult to distinguish from plant material and may 

not be nematode derived. However, 444 genes were identified in the transcriptome 

of R. reniformis that are extremely similar to the 444 genes in cyst nematodes 

(Chapter 6). In addition, the genetic variability of 444 genes between individuals of 

the same population is difficult to reconcile with the function of a feeding plug. 

Alternatively, the data presented do not exclude a role for candidate 176 in forming 

the feeding plug. The 176 genes are also expressed in amphid sheath cells and 

their distribution mirrors the distribution of feeding plugs; they were not identified in 

the R. reniformis transcriptome but were present in every cyst nematode genetic 

resource tested. In addition, the 176 proteins are insoluble when expressed in 

bacteria. Due to the circumstantial nature of these data, more work will be required 
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to determine the exact location of 176 proteins in planta in order to identify their 

function. 

7.3. Success of the identification strategy 

The pipeline described was successful in identifying both novel and previously 
described, putative and verified, effectors with apparently important functions in 
parasitism. However, no direct evidence has been presented for identification of a 
feeding structure gene. The first stage of the pipeline identified those genes most 
highly up-regulated during the feeding stages compared to non-feeding stages. 
Only the top 500 genes were analysed (equating to < 5%). However, this may have 
presented an over simplification. Firstly, effector-secreting tissues of plant parasitic 
nematodes do not constitute a large proportion of total body mass. The size of 
tissues and number of cells within may blur the lines between expression values. 
Expression of genes expressed in small tissues may artifactually appear to be lower 
than those expressed across the whole body. The effector-secreting-tissue-RNA 
present in a total nematode RNA extraction will roughly correlate with the size of the 
tissue in relation to the total size of the body. This phenomenon should be reduced 
by comparing expression fold change rather than expression value, however, the 
method used to reduce false positives may exacerbate the problem. If expression in 
the control stage (J2) is zero, and the test stage (14 dpi) is > zero, the expression 
fold change will be infinite (even if 14 dpi expression = 1 or 10,000). If the 
expression of a given gene in a given stage was < 1, it was therefore set to 1 to 
reduce the skew of high expression fold changes from non-integers < 1. This 
approach removes infinite expression fold changes, but also reduces sensitivity of 
fold change for genes with low expression, or apparently low expression due to 
small relative tissue size. In the attempt to reduce false positives, false negatives 
may have been introduced, and this may explain the lack of more convergence 
between the method here and direct gland cell sequencing, and perhaps the failure 
to identify feeding structure genes. In addition, this method does not account for 
protein turnover, re-localisation, or transcript storage (Hammond et al., 2000). The 
second criterion was the presence of a signal peptide to target the protein for 
secretion although similarly this ignores non-classical secretion mechanisms 
(Bendtsen et al., 2004).  

Alternative methods to identify the feeding tube may include direct isolation and 
protein sequencing. Feeding tubes are apparently insoluble and accumulate within 
the feeding site up to 14 days post production (Hussey and Mims, 1991). Laser 
capture of syncytial cells and subsequent protein purification may amass enough 
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feeding tube material to sequence using mass spectrometry. Importantly, if the 
feeding tube is assumed to be insoluble 90% of all proteins can be removed 
immediately by only collecting the insoluble protein fraction. Such purification of 
intact complexes has been achieved for the Shigella type III secretion needle 
complex (Tamano et al., 2002). The type III section needle complex is a protein 
structure used to deliver bacterial effectors across plasma membranes. Feeding 
tubes apparently form prior to or concurrently with effector ‘injection’. It may be 
speculated that feeding tubes facilitate effector delivery rather than cytoplasmic 
withdrawal. Indeed it is not known how nematode effectors are actually translocated 
into the host cells. It is often quoted in the literature that effectors are ‘injected’ into 
host cells (Jaouannet et al., 2012, Quentin et al., 2013), yet the stylet orifice does 
not appear to physically cross the plasma membrane (Rebois, 1980). Therefore, an 
alternative import mechanism will be required, whether via/through the feeding tube 
or otherwise. It could be speculated that this offers an explanation for the often 
small molecular weight of cyst nematode effectors. Feeding plugs, however, may 
not be amenable to this type of purification strategy due to their amorphous 
structure. 

There is a general consensus that the feeding plug is nematode derived. As 
discussed in Chapter 6, this may not be the case for the callose-like feeding peg of 
reniform nematodes. Feeding plugs form in the host apoplasm, and as 
demonstrated, there are numerous mechanisms that are used by nematodes to 
deliver proteins to this compartment. However, the feeding tube forms inside the 
host cell, and despite circumstantial evidence for nematode origin (timing and 
parasite-specificities), it may be partially of plant origin but stimulated by nematode 
apoplastic proteins. The hypothetical protein that stimulates this formation may not 
be encapsulated by the criteria used here to define a putative feeding structure 
gene. 

No direct evidence has been found that unequivocally confirms that any of the 

candidates described here are feeding plug or feeding tube genes. However, the 

176 and 448 gene families are considered putative effectors, and the 444 gene 

family can be considered as verified effectors. Although the identification pipeline 

was designed in such a way to maximise the possibility of feeding structure gene 

identification, it was noted from the outset that other effector genes would also be 

identified using this protocol. The spatial expression and in planta localisation of the 

444 gene family has contributed to our understanding on the delivery mechanisms 

and cellular compartments utilised by plant-parasitic nematodes in parasitizing 

plants.  



- 239 - 

7.3.1. Tandem repeat proteins 

It is notable that the 176, 444 and 3453 gene/gene families all encode tandem 
repeat proteins. In general, the term tandem repeat protein refers to proteins that 
contain internal, linear, tandem repeats of two iterations or more. There is no 
defined maximum limit for the number of amino acids within such proteins, however 
large scale analyses have demonstrated they can range from di-residues to over 
100 (Marcotte et al., 1999). This definition cannot be used to wholly describe the 
complex rearrangements of the 444 gene family tandem repeats; nevertheless, for 
the purposes of this discussion they will be considered together with 176 and 3453. 
It has been suggested that error-prone repeat expansions facilitate rapid evolution 
when compared to non-repeat proteins (Andrade et al., 2001, Marcotte et al., 1999). 
Repeat proteins are three times more abundant in eukaryotes than prokaryotes 
(Marcotte et al., 1999) and this may compensate for the long generation time of 
eukaryotes compared to prokaryotes, and provide an alternative means of rapid 
evolution.  

Although repeat proteins do not have a single common function they are often 
involved in recognition or ligand binding. The largest class of plant resistance 
proteins, termed NLRs, is characterised by a central nucleotide-binding domain and 
a C-terminal Leucine-Rich Repeat (LRR) domain. The characteristic ‘horseshoe’ 
structure of the LRR domain (Figure 7-1) has been determined by comparison to 
the solved structure of a leucine rich repeat-containing porcine ribonuclease 
inhibitor (Kobe and Deisenhofer, 1993). The LRR domain is often responsible for 
ligand binding, that results in a conformational change in other parts of the protein 
which subsequently trigger downstream signaling (Slootweg et al., 2013).  

The first and basal-layer of plant defences is triggered by the recognition of 
conserved molecular patterns by pattern-recognition receptors (PRRs) which also 
contain LRR domains. These patterns are either Pathogen-Associated Molecular 
Patterns (PAMPs – highly conserved pathogen molecules), such as the N-terminus 
of bacterial elongation factor Tu (elf18 (Kunze et al., 2004)), or Damage-Associated 
Molecular Patterns (DAMPs), which are endogenous structural components 
released by partial cell wall hydrolysis (Sanabria et al., 2008). Oligogalacturonides 
are a major class of DAMP and numerous studies have characterised their ability to 
induce defence genes (reviewed in (De Lorenzo et al., 2011)). Recognition of 
PAMPs by the corresponding receptors in plants leads to PAMP-triggered immunity 
(PTI). Similarly, recognition of DAMPs leads to DAMP-triggered immunity (DTI). 
Recognition of PAMPs or DAMPs is often encoded by the extracellular LRR domain 
of recognition receptors. Hyper-variable solvent-exposed residues in the LRR 



- 240 - 

domain of some NLR proteins are responsible for binding specificity. Interestingly, 
two membrane-anchored extracellular tomato disease resistance proteins Cf-9 and 
Cf-4 are 91% identical yet each recognizes sequence-unrelated fungal avirulence 
proteins (Wulff et al., 2009). This highlights the diversity in binding specificity with 
relatively high receptor sequence homology within tandem repeat domains.  
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Figure 7-1 Predicted structure of the leucine rich repeat domain of plant 
resistance proteins. The hypothetical structure of a leucine rich repeat (LRR) 
domain of a plant resistance protein (Takken and Goverse, 2012). Structure 
based on a leucine rich repeat-containing porcine ribonuclease inhibitor (Kobe 
and Deisenhofer, 1993). This is one example of a tandem repeat protein with 
ligand binding capacity. 
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Other noteworthy variable tandem repeat proteins include the Transcription 
Activator-Like (TAL) effectors of Xanthomonas spp (Doyle et al., 2013). TAL 
effectors are highly adaptable phytobacterial virulence factors that contain a 34 
amino acid tandem repeat present in 17.5 iterations. DNA-binding base pair 
specificity is conferred by variable di-residues in positions 12 and 13 within each 
tandem repeat. 444 proteins contain numerous shorter tandem repeats that are 
considerably more variable in both sequence and organisation. Tandem motif 1.1 
does contain highly conserved regions directly preceded by variable di-residues. 
However, 444 proteins are localised in the apoplasm and so DNA binding is 
unlikely, although other ligand binding may be possible. It is unclear what the role of 
the different 444 subfamilies, variable number/organisation of tandem repeats, or 
domains is in the context of ligand binding. 444 tandem repeats of subfamilies -A, -
B, and -C contain conserved glycine, proline and lysine residues. Glycine residues 
often create flexible linkers between domains. Taken together, these data may 
suggest that variable residues interspersed by highly conserved linker regions play 
a role in ligand binding in the apoplasm. 
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Figure 7-2 Transcription activator like effectors DNA-bound structure. The 
regular tandem repeats of the Transcription Activator Like (TAL) effectors of 
Xanthomonas bacteria form a super-helix around the double stranded DNA 
(DeFrancesco, 2012). 
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Other apoplastic effectors of plant-parasitic nematodes have been identified with 
distinct roles in parasitism, including suppression of host defence responses. A 
calreticulin (Mi-CRT) is secreted into the apoplasm from the subventral gland cells 
of M. incognita. Over expression of Mi-CRT in A. thaliana reduced expression of 
endogenous defence marker genes and defence responses, including callose 
deposition, induced by the bacterial PTI elicitor elf18 (Jaouannet et al., 2013). In 
addition, plants over-expressing Mi-CRT were more susceptible to M. incognita and 
the oomycete root pathogen Phytophthora parasitica (Jaouannet et al., 2013). It is 
hypothesised that Mi-CRT prevents calcium influx by direct binding in order to 
supress immunity. Calcium influx is an early and essential step of the PTI signalling 
pathway. Presumably elf18 was used as at present no direct PTI-inducing elicitors 
have been identified from nematodes.   

It has been known for some time that plant-parasitic nematode genomes encode a 
range of cell wall degrading enzymes. However, recent direct detection of several 
nematode-derived cell wall degrading enzymes in the apoplasm has been 
described (Vieira et al., 2011). This degradation of endogenous cell walls, in 
addition to the cell wall rearrangements that take place in syncytial development 
(Davies et al., 2012), suggest that there may be large scale induction of DAMP-
triggered immunity (DTI). DTI also requires a similar calcium influx to PTI. In the 
absence of any identified nematode PTI elicitor it is possible that for the root-knot 
nematodes Mi-CRT is also able to suppress DTI. Only relatively recently has cell 
wall degrading enzyme-induced DTI suppression been demonstrated in bacteria 
(Sinha et al., 2013). Mi-CRT is taxonomically restricted to the root-knot nematodes 
and is absent from the cyst nematodes. 

These data, coupled with the possibility that the 444 tandem repeat domain has a 
role in ligand binding, may suggest a similar defence suppression function for the 
444 proteins. It is possible that the 444 tandem repeat domain variation provides 
glycan binding specificity. 444 proteins present in the apoplasm may sequester 
DAMPs and out-compete plant pattern recognition receptors. Variable number 
tandem repeats may encode specificity for variable chain oligogalacturonides. More 
work will be required to determine glycan/protein binding capacity of 444 proteins 
by either glycan array or yeast-two-hybrid analysis (Laurent et al., 2008). 
Presumably if this is the case, Mi-CRT in-planta over expression should rescue 444 
RNAi-dependent reduced susceptibility.  

Precedent has been demonstrated for an effector able to sequester elicitors of the 
PTI response. The LysM effectors of fungal pathogens contain numerous LysM 
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domains in tandem repeats (Bolton et al., 2008). These are secreted into the 
apoplasm where they bind parasite-chitin with micromolar affinity (de Jonge et al., 
2010). The strong binding of LysM effectors to chitin makes it unavailable to the 
plant PRRs, therefore evading PTI. No effectors to date have been demonstrated to 
suppress DTI by sequestering DAMPs.  

7.3.2. Tandem repeated genes 

In addition to tandem repeat proteins, entire genes in tandem arrays needs to be 
considered. The 176 gene was present in the G. pallida genome <10 kilbases 
downstream of an almost identical copy. This identical copy appeared to be non-
functional as it lacked a signal peptide or obvious start codon. Interestingly two 176 
genes were present in the transcriptome assembly for the closely related 
G. rostochiensis, perhaps suggesting that the duplication event occurred before the 
divergence of these two species. Although it remains to be confirmed, the 444 gene 
family may also be present in tandem repeats. The G. pallida genome assembly 
reflects less than 1/10th of the known 444 sequence variation within the ‘Lindley’ 
population. 444 sequences are collapsed into just two individual genes. This 
highlights a limitation of 76 base-pair illumina reads for assembly of repetitive 
genes, and consequently the genomic organisation of the 444 genes remains 
unclear.  

Multiple tandem duplications of a single effector, or clusters of effectors, in the 
genome sequence of pathogens are known as virulence or pathogenicity islands 
(Hacker et al., 1997). Pathogenicity islands are well described for bacteria and can 
be present on mobile genetic elements such as transposons or plasmids (Hacker et 
al., 1997). However, in eukaryotic pathogens, such as oomycetes, virulence genes 
often occur in ‘plastic’ gene-sparse regions of the genome. Selecting gene-sparse 
genome segments unique to P. infestans compared to two related pathogenic 
species will identify approximately 3% of all genes but 62% of known P. infestans 
effectors (Raffaele et al., 2010). This suggests that frequent occurrence of genomic 
rearrangements has contributed to effector diversity in Phytophthora species. For 
444 genes, individual nematodes vary in the number, size, and type of effector 
subfamilies. It is unclear what the underlying genetic mechanism/s is/are that 
account for this variation in copy-number spanning an order of magnitude. Two 
alternative hypotheses can be presented, 1) The variation observed in 444 genes 
results from sexual recombination between several different original populations of 
G. pallida or, 2) the diversity is regularly introduced from within a population through 
frequent genomic rearrangements and recombination events. 
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If the latter is true, this would suggest that each generation has a different 444 gene 
complement to the previous generation and that these would presumably be 
selected for in each feeding female. The variation in 444 effector complement was 
catalogued from successful feeding females due to the constraints of carrying our 
PCR from small samples. All successful individuals contained at least one member 
of at least one subfamily; some subfamilies are apparently non-essential. 
Determining the 444 complement of non-successful individuals would be 
problematic but may begin to elucidate the genetic origin of the diversity within the 
444 gene family.  

State-of-the-art PacBio technology is capable of producing read lengths over 8000 
base pairs; >6 times the length of the longest 444 effector genomic sequence. De 
novo assembly of such long read data may generate the necessary genetic context 
to determine 444 effector genomic arrangements. Comparing ‘perfect’ genome 
assemblies originating from two independent lines of G. pallida unique in their 444 
gene complement will determine whether local tandem duplications produce arrays 
of 444 effectors, or if regular partial-genomic rearrangements contribute to the 
variation. 
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